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Melanoblasts are the embryonic precursors of melanocytes, the pigment producing 
cells of the skin and hair. Melanoblasts are of key interest to developmental 
biologists for numerous reasons, including their ability to migrate throughout the 
body from a single origin in the neural crest (NC). Current methods for the study of 
the melanocyte lineage are limited by the heavy reliance on animal models. To 
challenge this, a platform of in vitro tools were designed to replace and complement 
current studies. A major obstacle is the transition from 2D cultures, which provide 
only limited behavioural information, to 3D models which are able to recapitulate the 
environmental conditions. 3D cultures are regularly created using tissue samples and 
synthetic matrices for attachment, but building a model from cell lines only has not 
been achieved. A co-culture model using immortalised keratinocyte (COCA) and 
melanoblast cell lines proved unsuitable for observing developmental processes, due 
to lack of movement at high cell densities, but may be practical in pigmentation 
research. Other methods were explored to examine melanoblast behaviour, including 
the use of cell derived matrices (CDMs) integrated with melanoblast cell lines, and 
aggregates formed by hanging drop (HD) culture. CDMs were successfully generated 
from the COCA line, as well as NIH3T3 fibroblasts which has been shown 
previously. These structures are denuded of cells to leave the deposited extracellular 
matrix (ECM) components intact, representative of the dermal (fibroblast) and 
epidermal (keratinocyte) layers of the skin. HDs were prepared from cultured 
melanoblast cell lines, and form tight aggregates which disseminate when plated, in a 
manner similar to the dissemination of cells from the NC in explant cultures.  
The receptor tyrosine kinase KIT and its ligand (KITL), are vital for melanoblast 
development. Previous study of this signalling complex has often focussed on the 
haematopoietic lineage and spermatogenesis, where they perform essential roles. 
KITL is expressed in a membrane localised form found on the surface of 
keratinocytes thought to promote melanoblast/melanocyte survival, and a soluble 
isoform found sequestered in the ECM which promotes cell migration. Cell lines 
expressing fluorescently tagged KIT and KITL were created to visualise their 
II 
 
interactions using live-cell confocal imaging. Firstly, cell lines were generated to 
perform co-culture experiments with KIT and KITL, and we showed that these 
constructs are able to interact by uptake of KITL into KIT cells. Secondly, tandem 
fluorescent protein timers of KIT and KITL were generated which were used to 
observe protein kinetics. We showed that these protein timers can be manipulated 
using cycloheximide to block protein production, or by increasing ligand availability. 
These protein timers reveal that soluble KITL (sKITL) has a faster turnover than 
membrane bound KITL (mKITL), and that in all three proteins, there is distinct 
change in spatial localisation as the proteins age.  
Using a novel melanoblast reporter mouse, Pmel-CMN, primary mouse melanoblasts 
between E12.5 and E14.5 were isolated for RNA sequencing. This time period is the 
earliest reported for melanoblast isolation for use in gene expression analysis. We 
show that within this time course, there are significant changes in the RNA 
expression profiles, including decreasing expression of other NC cell markers, and 
huge increasing expression of pigmentation genes.  
To assess the biological relevance of using in vitro assays, cells of the immortalised 
melanoblast cell line, melb-a, were cultured under different conditions and examined 
via RNA sequencing. Results reveal differences in several areas between primary 
cells and those in culture, including loss of melanocyte specificity. 
The different tools described in this thesis provide a platform on which to study 
various aspects of cell behaviour, including migration, morphology and cell adhesion 
at both the individual cell and population levels.   
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Lay Summary  
Melanocytes in the skin produce the pigment which colours our skin and hair, and is 
vital to protect us from UV radiation. In the developing embryo, melanocytes are 
known as melanoblasts. They originate near the structure which becomes the spinal 
cord/brain and then migrate long distances to cover the whole body. In diseases 
where melanoblast development has gone wrong, it is easily visible in patches with 
no colour. Often diseases which have pigmentation problems will also have problems 
in other cells with which the melanoblasts shared a common origin e.g. peripheral 
neurons. Melanoblasts are therefore an important, and useful, system to study cell 
behaviours in. Research into melanocytes and melanoblasts relies heavily on animal 
models, due to the many complex interactions the cells undergo. One such 
complexity in development involves the dermis and epidermis which make up the 
main layers of the skin. They are different in structure, composition and in the 
proteins they produce, but melanoblasts migrate through both of these layers to reach 
their final destination. These conditions are extremely difficult to recreate outside the 
living organism. This thesis aimed to develop various experiments to address this, 
and reduce the reliance on mouse models for the study of melanoblasts. Using three 
melanoblast cell lines and one melanoma cell line, experiments were developed to 
study key aspects of cell behaviour in vitro. These behaviours include the migration 
patterns of cells individually and as a population and how they can break away from 
their neighbouring cells to move through the body. 
Another focus of this project was to examine the receptor KIT and its substrate KITL 
(KIT ligand) which are key proteins involved in melanoblast development. Several 
cell lines were generated which had fluorescent versions of these proteins for use in 
live cell experiments. Firstly, cells were combined to view the receptor/ligand 
interactions, and we showed that these are indeed able to interact. Secondly, cells 
with protein timer constructs were generated; these proteins appear as different 
colours depending on how old they are. We showed that we can manipulate the age 
of the protein pool using drugs and increased ligand concentrations, and that these 
proteins are therefore very useful for studying protein kinetics.   
IV 
 
An experiment looking at the RNA profiles of melanoblast cells early in their 
development from E12.5 to E14.5 was performed using a new mouse model, Pmel-
CMN. Further RNA sequencing was performed on a commonly used melanoblast 
cell line (melb-a) in 3 different culture conditions, in order to examine how 
accurately cells in culture mimic the primary cells. Over the time course, we 
observed increasing expression of genes related to pigmentation, and a decreased 
expression of genes related to cells which share a common origin. Between the 
primary cells and cells in culture, the differences observed demonstrate some of the 
difficulties of comparing results from in vitro and animal experiments.   
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Melanocytes are pigment producing cells found in the skin, hair follicle, eye and 
inner ear. In the skin they are responsible for protecting the keratinocytes from 
harmful UV (ultraviolet) radiation. Their developmental precursors are melanoblasts. 
Melanoblasts provide an excellent model system in which to study developmental 
processes. A major advantage of the lineage is the ability to visualise defects or 
changes by examining pigmentation patterns in vivo. Melanoblasts and melanocyte 
study has provided insight into other cell lineage behaviours in several areas 
including migration and neural crest (NC) development. However, they are 
particularly useful due to their isolated nature, and relatively straight-forward 
developmental progression. They are defined from a single, multipotent cell type 
during mid-developmen; they migrate from a single, well-defined location to cover 
the entire body; they localise to specific structures and then they finally establish 
their own stem cell reservoir to maintain their function throughout adult life. All the 
topics and experiments within this thesis are related to the laboratory mouse unless 
specifically stated otherwise. 
1.1. Melanoblast development 
1.1.1. Neural crest development 
The NC is a transient structure found during early vertebrate development. It is 
situated above the developing neural tube, at the outermost surface of the embryo 
near the developing epidermis. Anatomical study, and identification of the NC dates 
back to the 19th century, and it has been known as the origin of the pigment cells 
since this early time. It arises from ectoderm tissue, and goes on to become a wide 
variety of cell lineages, including melanocytes, and cells of the peripheral and enteric 
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nervous system (Hall, 2008; Mayor and Theveneau, 2013). Figure 1.1. demonstrates 
the progression of NC formation; induction occurs at the border of the neural plates 
which invaginate and fold to create the neural tube (Bronner-Fraser, 1994). By this 
action, the NC cells are brought together at the dorsal aspect (shown in light blue). 
Cells delaminate from the NC in a continuous wave, with distinct timings which 
relate to the cells fate. Cells exit the NC at carefully controlled time points, 
depending on their future cell lineage, which is roughly determined by the position of 
cells along the crest (Serbedzija, Fraser and Bronner-Fraser, 1990). The time until 
delamination post neural tube closure is also related to position along the anterior-
posterior axis (Theveneau and Mayor, 2012). Cells begin delaminating from the NC 
at around E9 (embryonic day) (Serbedzija, Fraser and Bronner-Fraser, 1990). 
Specifically in the trunk, the first cells to emerge follow a ventral migratory pathway, 
whilst melanoblast fated cells are later to emerge and follow the dorsolateral pathway 
(Thomas and Erickson, 2008) (Figure 1.1.C.). As well as being interesting to 
developmental scientists, the NC is of key focus to evolutionary biologists, as it is a 
common feature shared exclusively among vertebrates. Development of the NC is 
one of the major diverging points in the evolution of vertebrates as it has such a large 
contribution to several parts of cranial development (Le Douarin, 2004). 
The formation of the NC is induced by a network of signals from wingless-related 
integration site (Wnt), Notch, retinoic acid, bone morphogenetic protein (BMP), and 
fibroblast growth factor (FGF) pathways (Mayor and Theveneau, 2013). These 
signals are produced by the surrounding ectoderm and mesoderm within the neural 
plate border region, to activate a combination of transcription factors which 
ultimately control NC development (Milet and Monsoro-Burq, 2012; Prasad, Sauka-
Spengler and LaBonne, 2012). These include transcription factors SNAI1 (or 
SNAIL) and SNAI2 (or SLUG) which are also key factors in the delamination of 
cells from the NC (Cheung et al., 2005). Other notable factors are FOXD3, a member 
of the Fox (forkhead box domain) family, which is believed to be important to 
‘prime’ multipotent cells during embryogenesis (Cheung et al., 2005; Plank-Bazinet 
and Mundell, 2016). SOX9 (Sry-related HMG box) is another key  
Figure 1.1. Neural crest formation and delamination in the trunk. A. Thickening of the 
neural plate occurs between the neural borders. The neural crest originates in the area near 
the neural plate borders. B. The neural plate folds inwards to create the neural tube, which 
will eventually form the brain and spinal cord. The neural plate borders from either side and 
neural crest precursor cells are pulled close together. C. Closure of the neural tube occurs, 
and the sides fuse together. Trunk neural crest cells exit the crest via the ventral pathway 
(primary wave) or the dorsolateral pathway (secondary wave). Neurons and glia of the 
peripheral nervous system follow the ventral pathway, while melanoblasts follow the 
dorsolateral pathway between the developing epidermis and the somites. 
epidermis
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participant, without which the NC cells quickly apoptose (Cheung et al., 2005). The 
complex interplay between these factors are necessary for proper NC development. 
There are further networks involved in the specification of the melanocyte lineage 
from the NC population. MITF (micropthalmia-associated transcription factor) is 
known as the master regulator of melanoblast development, with numerous upstream 
regulatory elements, including PAX3 (paired-box) and SOX10 (Thomas and 
Erickson, 2008), and downstream target pathways (Levy, Khaled and Fisher, 2006). 
The expression of MITF is crucial in the specification of melanoblasts at this early 
stage, and continues to regulate development and survival throughout the melanocyte 
lifespan (Kawakami and Fisher, 2017). In order to split from other NC cells and 
glial/neuronal precursors, melanoblast fated NC cells downregulate FOXD3 (Thomas 
and Erickson, 2009) and SOX2 (Adameyko et al., 2012), which are both repressors 
of MITF. Melanoblasts are identifiable by specific markers, including Mitf, Kit, Pmel 
and Dct (dopachrome tautomerase) at around E10.5 (Mort, Jackson and Patton, 2015; 
Thomas and Erickson, 2008).  
1.1.2. Exiting the NC – the epithelial-mesenchymal transition 
The epithelial-to-mesenchymal transition (EMT) is a process by which cells lose 
classical epithelial cell-cell adhesions to gain migratory behaviours characteristic of 
mesenchymal cells (Theveneau and Mayor, 2012). To exit the NC, cells must 
undergo either partial or complete EMT, causing the phenotypic changes which 
release the connections between adjacent cells (Theveneau and Mayor, 2012). 
Indeed, the NC is often used as a prototypical model for EMT. EMT can occur in 
reverse, i.e. mesenchymal-epithelial transition (MET). MET is especially important 
in cancer biology, as it enables metastasised cells to establish a tumour in the new 
location by integrating with other tissues (Yang and Weinberg, 2008).  
Epithelial cells are closely associated by specialised adhesion structures, which are 
not found in mesenchymal cells. These include tight junctions which attach the 
cytoskeleton of adjacent cells through claudins and occludins (Shin, Fogg and 
Margolis, 2006), adherens junctions which are formed mainly by cadherins (Ferreri 
and Vincent, 2008) and gap junctions which directly link the cytoplasm of adjacent 
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cells with connexins that form gated channels between two cells (Hervé and 
Derangeon, 2013). These attachment properties are key for the function of various 
epithelial tissues, including in the skin epidermis. However, melanoblasts along with 
other migratory cells must travel through other developing tissues to reach their final 
destination, and so they must be free to move. To achieve this, there is considerable 
reprogramming of gene expression in the epithelial cells to reorganise their 
cytoskeletons, change their cell shape, lose their cell junctions and lose their 
ingrained apical-basal polarity (Thiery and Sleeman, 2006).In the literature, the onset 
of EMT and of cells exiting the NC is discussed as a whole rather than specifically 
by cell line, so it is presumed that the EMT mechanism is the same for all NC 
lineages. The melanoblast population that leaves the NC is very small (~98 cells 
(Luciani et al., 2011)). Studying them at this early stage is therefore experimentally 
challenging, and have primarily been examined by whole mount staining. EMT is 
more easily, and therefore more often studied in relation to cancers, where it is of key 
therapeutic interest – understanding and developing methods of stopping cells 
undergoing EMT, which confers the ability of the tumour cells to metastasise, has a 
huge potential to impact on the disease progression. However, the process may not 
be identical, as is discussed in relation to the cadherin switch later in this section. 
The major transcription factors controlling EMT are Snail factors (Snai1, SNAIL and 
Snai2, SLUG), basic helix-loop-helix factors (bHLH) such as Twist, and ZEB factors 
(zinc-finger E-box-binding) Zeb1 and Zeb2. These master regulators function in two 
ways; either they have direct action upon the expression of key proteins, or they 
regulate the expression of other transcription factors which will then promote a 
further effect. Snail transcription factors direct mechanism of action is well defined, 
through experiments of various researchers on E-cadherin. SNAIL recruits Polycomb 
repressive complex 2 (PRC2) which leads to histone modification, and silencing of 
the E-cadherin promoter (Herranz et al., 2008). SLUG equally acts as a repressor of 
E-cadherin, and was shown in 2011 to be a regulator of ZEB1 in melanoma (Wels et 
al., 2011). ZEB1 and ZEB2 are also transcriptional repressors which promote EMT, 
again with significant repression of E-cadherin (Van de Putte et al., 2003). Studies by 
Van de Putte and Miyoshi show that the NC is particularly affected by Zeb1/Zeb2 
changes in knockout models, adding support to the ZEB proteins as major EMT 
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factors (Miyoshi et al., 2006; Van de Putte et al., 2003). TWIST has been shown to 
function as both a positive regulator of mesodermal genes from studies in Drosophila 
(Leptin, 1991) and breast cancer (Wang et al., 2016), in addition to being a repressor 
of E-cadherin (Hajra, Chen and Fearon, 2002; Yang et al., 2004). It also exerts its 
effects by histone modification, through SET8, which is a histone methyltransferase 
(Yang et al., 2012) or PRC2 (Yang et al., 2010). There have also been a number of 
extracellular regulators of EMT identified, including Notch ligands, FGF, and 
transforming growth factor-β (TGF-β), and even some microRNAs (ribonucleic acid) 
(Jung, Fattet and Yang, 2015; Lamouille, Xu and Derynck, 2014; Zhang and Ma, 
2012). 
One of the core changes in EMT is the ‘cadherin switch’, where cells downregulate 
expression of E-cadherin which is a key contributor to the adherens junctions, and 
upregulate expression of N-cadherin which is a mesenchymal cadherin. This 
cadherin switch is a hallmark of EMT, and is one of the principal characteristics used 
to identify cells which have undergone the transformation in cancers. In the NC 
however, there is some conflicting evidence as to the expression of cadherins which 
suggest a divergence from the classic EMT model. There is evidence of a 
downregulation of N-cadherin in the pre-migratory cells, and a non-essential role for 
SLUG in mice (Jiang et al., 1998). However, the classic cadherin switch has also 
been demonstrated; Xenopus models have been used to demonstrate the E-to-N 
cadherin switch during NC EMT, and show it to be a key event in a cellular 
programme promoting a form of directional migration called contact inhibition of 
locomotion (CIL) (Scarpa et al., 2015). The differences observed between 
developmental process and between species reinforce a requirement for more 
specific models of EMT to characterise specifically NC EMT in the mouse. 
1.1.3. Melanoblasts migrating throughout the trunk 
Migration patterns of cells of the NC have been studied extensively since the 1960s, 
most notably by James Weston, whose earliest work in chicks focussed on the cells 
migrating from the NC to populate the trunk (in contrast to NC cells destined for the 
head, whose migratory patterns are different, and possibly of different origin) 
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(Weston et al., 2004). Weston was the first to identify the migratory pathways cells 
of the NC, by using radioactive [3H]thymidine as a cell tracer (Weston, 1963). As 
mentioned in the previous section, cells delaminate from the NC beginning at around 
E9 (Serbedzija, Fraser and Bronner-Fraser, 1990). Cells destined to be melanoblasts 
downregulate the expression of Foxd3 and Sox2, and upregulate MITF (Kos et al., 
2001; Levy, Khaled and Fisher, 2006; Nitzan et al., 2013). The cells are held briefly 
in the migratory staging area (MSA) (Wehrle-Haller and Weston, 1995). They then 
migrate along a concentration gradient of KIT ligand (KITL) towards the dorsolateral 
migratory pathway (Wehrle-Haller and Weston, 1995), and emerge from the MSA at 
around E10.5. The KIT receptor and its ligand, form a vital signalling pathway in 
numerous stages of the melanocyte lineage. The cells that leave the MSA upregulate 
expression melanoblast specific markers, including Pmel and Dct as mentioned 
previously (Baxter and Pavan, 2003; Mackenzie et al., 1997). They then migrate and 
proliferate through the dermis during their early migration, and the majority cross to 
the epidermis at E12.5 in response to KIT/KITL signalling (Nishikawa et al., 1991). 
A small, constant dermal population remains, and this population does not undergo 
mass proliferation as seen in the epidermis (Luciani et al., 2011). Full colonisation of 
the trunk is accomplished by E15.5, at which time melanocytes begin to localise to 
the developing hair follicle. It is known that the density of the population plays a 
central role in the migratory behaviour of melanoblasts (Mort et al., 2016). 
1.1.4. Alternative source of melanocytes 
In 2009, Adameyko et al. published a study demonstrating that a large number of 
adult melanocytes were not derived in the traditional route that has been discussed 
thus far, but rather from Schwann cell precursors (SCPs) which delaminate in the 
first wave from the NC and follow the ventral pathway (Adameyko et al., 2009). 
They began investigating the possibility of an alternative source to resolve some 
questions surrounding melanoblast patterning and migration, particularly in the limb 
buds. Adameyko et al. used a combination of chick and mouse models to explore this 
contribution to the final melanocyte numbers. Their experiments show that 
developing melanoblasts are lost from the dorsolaterally migrating population 
between E10.5 and E11.5, but that they are replaced by E12 by cells migrating 
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outwards from near the spinal ganglion. They describe a population of Mitf+ cells 
which associate with the developing spinal nerves, and that these cells progress along 
the nerve fibres extending towards the skin. Data from experiments in the chick limb 
bud showed that after physical ablation of the dorsolaterally migrating population of 
cells, melanocytes were still present in the limb. Their mouse experiments focussed 
on lineage tracing using a Plp-CreERT2 line (Cre recombinase (fused to a mutated) 
oestrogen receptor) (Leone et al., 2003) crossed to a Rosa26-YFP (yellow fluorescent 
protein) reporter mouse as a SCP specific marker, and Mitf expression as an indicator 
of melanocytes. Plp-CreERT2 was described in 2003, where expression in epidermal 
melanoblasts were identified by LacZ assay after tamoxifen induction at E12.5 
(Leone et al., 2003). Adameyko et al. injected mice at E11 and collected pups at P11 
(post-natal day), and showed that up to 65% of Mitf+ cells in the hair follicle, and 
58% of Mitf+ cells in the dermis were descended from the Plp expressing cells. 
There is some discussion as to the suitability of the Plp-CreERT2 line to distinguish 
between SCPs and melanoblasts from various studies. Colombo et al. undertook 
transcriptomic analysis of primary melanoblasts isolated between the ages of E14.5-
E16.5, and identified Plp as a highly expressed gene. Melanoblasts were isolated 
using a classic Tyr-CreERT line, and cells were dissected specifically from the 
epidermis. Additionally, Hari et al. showed that Plp-CreERT2 specificity may be 
influenced by the timing of induction; if induced at E9.5, they show expression of 
Plp in the majority of NC cells indicating that unspecified NC cells are marked using 
this reporter. They further show that Plp-CreERT2 marked nerves and melanoblasts 
when activated at other stages (E11.5, E12.5 and E14.5) (Hari et al., 2012). Lastly, 
they show that an alternative SCP marker, Dhh fails to repeat the identification of 
SCP derived melanocytes. RNA-sequencing data presented in Chapter 6 also shows 
Plp expression in melanoblasts at E12.5-E14.5.  
There is no doubt that many cells that follow the ventral pathway retain the ability to 
become melanocytes, and that some NC populations retain multipotency even after 
they have begun their migratory pathways (Motohashi et al., 2009). Morrison et al. 
identified a multipotent, self-renewing and persistent population of NC cells that can 
be isolated from the peripheral nerve, where the SCP and glial cells are located 
(Morrison et al., 1999). The reversibility of melanocytes to a multipotent state, able 
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to form neurons and glia can even be induced in vitro by the cytokine endothelin 3 
(Dupin et al., 2000).  
Biological reasons for why the suggested events would occur remain unclear; it 
remains to be answered why the dorsolateral population of cells would be specified, 
if a large portion die within a day, to be replaced by identical cells of slightly 
different origin. Nevertheless, it is an interesting finding, particularly in terms of the 
plasticity of the NC post delamination, and merits further research, perhaps using 
other SCP and melanoblast markers to improve confidence in the methodology. This 
work highlights the requirement of rigorous testing of lineage tracers, and robust 
CreERT2 animal models. 
1.1.5. Localising to the hair follicle 
In mice, a large population of melanoblasts localise to the hair follicle in the last 
stages of their development (Mayer, 1973). There they separate into two further 
lineages of different populations; the first, which enter the hair follicle proper, and 
pigment the developing hair matrix, the second establish a melanocyte stem cell 
(MSC) pool in the hair bulge (Nishimura et al., 2002). These MSCs are responsible 
for hair pigmentation following the first cycle, as the entire population of active 
melanoblasts which have pigmented the hair from the hair bulb is lost when a hair is 
shed (Nishimura, 2011). To localise to the hair follicle, melanoblasts respond to 
signalling from the outer root sheath cells (ORS), and migrate along this structure to 
the hair bulb in response to signalling from stromal cell derived factor 1 (SDF-1) 
(Belmadani et al., 2009; Yamauchi et al., 2013). KIT/KITL signalling is also 
important for this localisation as shown by experiments using KITL in explant 
cultures (Jordan and Jackson, 2000a). The position of melanocytes in the bulge and 
hair follicle can be seen in Figure 1.2.A. 
Melanocytes are lost from the interfollicular space of the trunk epidermis postnatally, 
in response to a decreasing expression of Kitl by the keratinocytes (Hirobe, 1984; 
Yoshida et al., 1996). Melanocytes remain in the epidermis in hairless parts of the 
mice and the tail, and there are also amelanotic melanocytes present which have been 
suggested to represent the stem cell pool in this environment (Glover et al., 2015; 
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Zaidi, Day and Merlino, 2008). In humans, melanocytes do remain in the 
interfollicular space, and directly pigment the keratinocytes in the epidermis (Mort, 
Jackson and Patton, 2015). Epidermal and follicular melanocytes differ in several 
ways. Follicular melanocytes are larger, have a more developed Golgi and rough 
endoplasmic reticulum, and produce melanosomes which are 2-4 times bigger 
(Orfanos and Ruska, 1968). A single interfollicular melanocyte interacts with ~36 
keratinocytes, whilst in the hair follicle the ratio is reduced to 1:5 (melanocyte: 
keratinocytes) (Figure 1.2.B.) (Fitzpatrick and Breathnach, 1963; Tobin and Paus, 
2001). Interactions between melanocytes and the keratinocytes closest to the dermal 
papilla, located at the base of the hair structure, as an important regulator of the hair 
cycle (Morgan, 2014), reduces even further to an almost 1:1 ratio (Tobin and Paus, 
2001). 
1.1.6. Melanocytes 
1.1.6.1. Pigment production 
Melanogenesis is the process of producing the pigment melanin, for which the 
melanocytes are specialised. Melanin exists in two main forms in mammals – 
eumelanin which is a brownish black, and pheomelanin which is reddish yellow 
(Cichorek et al., 2013). The quantity, ratio and quality of these two forms affects the 
colour produced. Melanin is produced from the amino acid precursor L-tyrosine, via 
a carefully controlled chain of enzyme catalysed reactions. The main enzymes 
involved are tyrosinase (TYR), tyrosinase-related protein 1 (TRP1) and DCT. A 
representation of the pathways involved in melanogenesis is shown in Figure 1.2.C. 
Briefly – tyrosinase hydroxylates tyrosine to L-3,4-dihydroxyphenlalanine (DOPA) 
which is then oxidised to DOPAquinone (Lerner and Fitzpatick, 1953). To produce 
eumelanin, DOPAquinone is spontaneously cyclised to DOPAchrome (Körner and 
Pawelek, 1980). DOPAchrome loses carboxylic acid, forming 5,6-dihydroxyindole 
(DHI). Or, DCT will catalyse DOPAchrome formation to DHI-2-carboxylic acid 
(DHICA) (Duchon̆ and Matouš, 1967). These are then further catalysed to eumelanin 
(Olivares et al., 2001).   
Figure 1.2. The hair follicle and pigmentation. A.  The mature hair follicle extends deep in 
to the dermis. A stem cell resevoir of melanocytes resides in the bulge region (blue). 
Mature melanocytes are found in the hair bulb, and interact with the keratinocytes of the 
developing follicle (green). B. In the hair follicle, one melanocyte interacts with ~ 5 
keratinocytes. Pigment is transferred via membrane bound melanosomes through dendritic 
processes. C. Stimuli from the surrounding environment induce melanogensis through 
several pathways. Two important pathways include signalling via KIT/KITL and the MC1R 
receptor. KIT/KITL signalling involves the MAPK pathway, while stimulation of MC1R receptors 
leads to cAMP activity and PKA activation. MITF is the master regulator of pigmentation and 
regulates expression of the melanocytic enzymes tyrosinase, TRP1 and DCT. 
Melanogenesis occurs within the melanosome, starting with L-tyrosine. The production of 



































To produce pheomelanin, the presence of cysteine leads to a reaction with 
DOPAquinone, causing oxidisation and polymerisation (Cichorek et al., 2013; 
Olivares et al., 2001). 
Melanocytes produce and package melanin within lysosome-related organelles 
termed melanosomes. The whole melanosome unit is transferred to the 
keratinocyte/hair follicle. This act of transfer is a keen area of research in melanocyte 
biology, as the exact mechanism is still unknown (Ishida, Marubashi and Fukuda, 
2017). Melanosomes travel down the melanocyte dendrites, and evidence suggests 
they pass to the keratinocyte via a filopodia mediated mechanism (Ma et al., 2014). 
Once in the keratinocyte, melanin can be observed covering the apical surface of the 
nucleus as a protective cap (Kobayashi et al., 1998). The melanosome unit itself goes 
through several stages of development – from a newly designated stage I 
melanosome situated near the Golgi, to mature stage IV melanosomes full of melanin 
in the melanocyte dendrites. 
Melanogenesis can be induced via several pathways, including UV DNA 
(deoxyribonucleic acid) damage. The main regulator of melanogenesis is the 
Melanocortin 1 Receptor (MC1R), which is activated by α-melanocyte stimulating 
hormone (αMSH), and acts through cyclic AMP (cAMP). KIT/KITL signalling is 
another important interaction leading to activation of MITF. Regulation of MITF is 
achieved via pathways including the mitogen-activated protein kinase (MAPK) 
pathway and the phosphoinositide 3-kinase (PI3K) pathway (Hsiao and Fisher, 
2014). MITF regulates the expression of the melanogenic enzymes discussed 
(Videira, Moura and Magina, 2013).  
1.1.7. Melanoblasts and disease 
Diseases involving one or more cell lineages derived from the NC are classified as 
neurochristopathies (Bolande, 1974). Due to the highly interlinked regulatory 
networks, neurochristopathies often involve more than one NC cell type, and as such 
there are many neurochristopathies where pigmentation defects are observed. 
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1.1.7.1. Developmental diseases 
Genetic pigmentation defects can be broadly split into diseases that affect 
melanoblast development or those that affect pigment production. In a pigmentation 
disease such as albinism, there is a defect in the production of the tyrosinase enzyme, 
however the melanocytes themselves are not reported to have any phenotypic 
differences, and are present in the normal numbers (Boissy, Trinkle and Nordlund, 
1989; Halaban et al., 1988). Other diseases however, are more directly related to the 
developmental pathways. 
Piebaldism is a genetic disorder, typically presenting with unpigmented patches of 
skin in which no melanocytes are found. It is found across many species, including 
humans, horses, cats, dogs and cows to name a few.  
There are a number of genes identified as having mutations causative of piebaldism, 
the primary associated gene being Kit. Kit related piebaldism is discussed further in 
section 1.3.3. However, Kit mutations do not account for all cases of human 
piebaldism. Some of the other genes that have been implicated have already been 
discussed, and are not surprising contributors given their role in melanoblast 
development. For example, a study in 2003 used Southern blotting to identify 
mutations in the Snai2 gene in patients with non-Kit related piebaldism, and in fact 
the mouse knockout of Snai2 also exhibits a white spotting phenotype similar to the 
Kit knockout mouse (Sánchez-Martín et al., 2003).   
Other neurochristopathies where the melanocyte lineage is affected include 
Waardenburg syndrome, Neurofibromatosis type I, Hirschsprung’s disease and 
congenital melanocytic nevi. Hirschsprung’s disease is an excellent example of the 
parallels in regulatory pathways between the NC lines; mutations have been 
identified in genes such as Ednrb (endothelin receptor B), its ligand Edn3, Sox10 and 
Zeb2, all of which play vital roles in melanoblast development (Bidaud et al., 1997; 
Puffenberger et al., 1994; Southard-Smith, Kos and Pavan, 1998; Wakamatsu et al., 
2001). In Hirschsprung’s disease, the enteric nerves do not migrate fully, so sections 
of the intestine and colon are left without nervous innervation, leading to clinical 
problems. Using the melanocyte lineage to study migration of NC cells is therefore 
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very useful. Changing gene expression in these candidates specifically in 
melanocytes leads to pigmentation defects, but these are not harmful to overall 
health. Observed behaviours can be linked back to the relevant cell line; this 
highlights the usefulness of the melanocyte line in research, and in applying results 
broadly to cells of NC origin. 
1.1.7.2. Melanoma 
Melanoma is a cancer arising from melanocytes. It is one of the biggest cancer 
groups in the Caucasian population, and although melanoma accounts for only 3 per 
cent of skin cancers, it causes more than 75% of skin cancer deaths (Ciarletta, Foret 
and Ben Amar, 2011). Prognosis is generally good, although as with many other 
cancers, this relies heavily on early diagnosis. Prognosis deteriorates significantly 
once malignancy is established; the majority of patients who do not have the tumour 
surgically resected before metastasis occurs will die in 6-10 months (Balch et al., 
2001). Most melanomas will develop laterally to the basement membrane initially – 
so called ‘thin’ melanomas. Poorest prognoses are correlated with ‘vertical’ tumours, 
which have breached the basement membrane by degrading important proteins, and 
are more likely to metastasise (Schmoeckel et al., 1989). 
1.1.7.2.1. Risk factors  
The risk factors for developing melanoma are a complex mix, made up of interacting 
phenotypic, genotypic and sun exposure factors. Ethnicity and skin colour are a 
significant risk factor for developing melanoma, with the incidence of melanoma in 
non-Caucasians being significantly lower (Ribero, Glass and Bataille, 2016). If non-
Caucasians do develop melanomas, it’s mainly found on the plantar surfaces (soles 
of feet and palms of hands), where the skin is the least pigmented. Another large risk 
factor is age, with occurrence in children being very rare (Stevens, Liff and Weiss, 
1990). There is however, a correlation between sunburn in children and melanoma 
risk, suggesting that there is a long time period required for the disease to manifest 
post-damage (Dennis et al., 2008). Similarly, there is a link in the mouse melanoma 
model HGF/SF, where postnatal UV is administered to cause melanoma 
development in adult mice (Noonan et al., 2001; Takayama et al., 1996). 
15 
 
Further melanoma risk factors are difficult to quantify, as such a large proportion of 
risk is attributed to human behaviour. For example, individuals with the highest 
phenotypical risk factors of pale skin and red hair burn easily, and may therefore 
consciously spend less time sunbathing. Calculating their relative risk of melanoma 
may be compromised, because they are less likely to engage in the sun exposure that 
is dangerous, and thereby present less frequently. Another example may be in people 
who use sunbeds to promote skin tanning which have high UV radiation levels. 
Variances in correcting for factors like this in large cohort studies, has led to a wide 
array of data published over many years that rarely agrees on the risk contributions. 
An epidemiological study in 2005 was designed to accurately define risk factors for 
developing melanoma by meta-analysis (Gandini et al., 2005a, 2005b), and adjusting 
for human factors. After correction for the ‘baseline’ factors such as race and age, 
they showed that the number of naevi, and the type of sun exposure (chronic or 
intermittent) were the biggest risk factors. 
1.1.7.2.2. Developmental mechanisms  
Melanomas employ many of the migratory and proliferative pathways seen during 
NC development, and many of the genes discussed previously are found mutated in 
melanomas. Melanomas seem to be particularly effective at metastasising, perhaps 
due to the highly migratory and invasive nature of the melanoblast cells during 
development. These parallels observed in melanomas have supported the hypothesis 
that many cancers use ‘hijacked’ developmental programmes to grow and 
metastasise (Vandamme and Berx, 2014). 
MITF again lies at the heart of the melanoma network. It is frequently overexpressed 
in human melanomas (Garraway et al., 2005). It is believed to act as a ‘rheostat’ – 
helping melanoma cells switch between invasive states dependent on expression 
levels (Hoek and Goding, 2010; Hsiao and Fisher, 2014). Low MITF expression 
leads to increased differentiation, reduced proliferation and increased invasiveness 
which aids tumour progression, while high MITF expression leads to more 
proliferation and differentiation (Carreira et al., 2006). The transcription factor 
BRN2 is also known to play a vital role in this model through repression of MITF 
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(Goodall et al., 2008), and intravital imaging shows that disseminating cells have 
high BRN2 expression (Pinner et al., 2009). 
In support of the theory that cancers reactivate important developmental genes, are 
many melanoma studies identifying expression level changes in EMT genes. As in 
developmental EMT, interactions between the different factors in melanoma are 
complex, and not fully understood. For example, high SLUG expression is shown to 
be correlated with good prognosis (Caramel et al., 2013), but is also shown to 
function specifically in melanocytes promoting a strong metastatic ability (Gupta et 
al., 2005). Activating mutations in BRAF are believed to be a main cause of  this 
reprogramming of EMT genes, by increasing signalling in the MAPK pathway 
(Caramel et al., 2013). Mutations in BRAF occur in ~50% of melanomas (Hodis et 
al., 2012). Other mutations occur in pathways linked to the MAPK pathway, 
including in Kit (discussed later) and NRAS (Hodis et al., 2012). 
Although these pathways employ many of the same genes as in development and 
exhibit parallels in behaviour, there are also important differences as may be 
expected. For example, when comparing the biological process of breaching a 
basement membrane, melanoma cells rely on matrix metalloproteinases (MMPs) (Li 
et al., 2010), whereas melanoblasts do not (Li et al., 2011). This is an important 
biological event; melanoma cells invade the basement membrane during metastasis, 
and melanoblasts invade the basement membrane in early development to progress 
from the dermis to the epidermis. 
1.2. The skin 
The skin is a complex organ with many component parts. It is the primary 
environment for the developing melanoblast and differentiated melanocytes, and as 
such is vital in studying the development of the lineage. Increasingly, biologists are 
looking to integrate study of cell with their environment, as there is so much 
interaction; cells do not act alone, and are constantly receiving stimuli and instruction 
from the surrounding environment, in particular through the extracellular matrix 
(ECM) (Hansen et al., 2015; Pillet et al., 2017). Melanoblasts/melanocytes are part of 
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the skin as a whole organ, and research must try to reflect this fact, or risk being 
biologically irrelevant. The skin is broadly composed of two layers – the epidermis 
apically and the dermis basally. These two structures are intrinsically linked via a 
basement membrane, but are composed of entirely different cells and originate from 
different germ layers (Fuchs, 2007). Skin in adult mammals has been studied 
extensively, from research into wound-healing and genetic diseases such as eczema, 
and often concentrate on the involvement of the inflammatory response. However, 
developmental study of how the structures come to exist, particularly in early-
development, is not as highly researched. 
1.2.1. The epidermis 
The epidermis is a specialised structure, composed of many layers of keratinocytes at 
various points of differentiation, which gives rise to the classic stratified structure. It 
is ectodermal in origin (Van Exan and Hardy, 1984), and covers the embryo after 
neurulation. The initial, single layer of cells is characterised by early expression of 
cytokeratins K8/K18 (Byrne, Tainsky and Fuchs, 1994). At around E9.5, expression 
of the major keratins K5/K14 become detectable, which marks the event of 
epidermal commitment, and these keratins continue to be the major marker of the 
epidermal/dermal basement membrane from this point (Byrne, Tainsky and Fuchs, 
1994). The basal membrane which separates the epidermis from the dermis, is 
composed of a proliferative layer of keratinocytes and keratinocyte stem cells. At 
around E14, a layer of cells forms above the basement membrane, known as the 
suprabasal layer. The commitment of cells to leave the basal layer and begin the 
stratification process, and also for new cells to ascend the stratified layers is 
controlled by canonical Notch signalling (Blanpain et al., 2006). The suprabasal 
layer then becomes the spinous layer post initial development, and is characterised 
by the expression of K1/K10 (Smart, 1970). Keratinocytes in the layer above this, the 
granular layer, loose their nuclei and begin to excrete lipids, to form an impermeable 
barrier, aided by involucrin and transglutaminase (Koster and Roop, 2007). The final 
layers of keratinocytes are those in which the cells have terminally differentiated into 
specialised cells known as corneocytes. The upper layers are the stratum lucidum and 
stratum corneum, where expression of filaggrin and loricrin is seen (Koster and 
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Roop, 2007). The cells in these layers are flat and surrounded by proteins and lipids 
which maintain the barrier function of the epidermis, but the cells themselves are 
considered ‘dead’ as they have no organelles at this point. Cells at the surface are 
constantly shed, and replaced by cells below; the process of cells moving up the 
layers is called desquamation. By birth, the epidermis is fully formed, and able to 
function in its capacity as a barrier to the external environment. In synchrony with 
the development of the skin layers vertically, there are several appendages which 
form from the basal layer including sweat glands and hair follicles, which will be 
discussed further.  
The epidermis develops due to stimulation from various factors in addition to Notch. 
The first is transforming growth factor-α (TGF-α) which acts in an autocrine manner 
to stimulate cell division in the basal layer (Gilbert, 2000). Conditions such as 
psoriasis are linked to over-expression of TGF-α, where there is vast overproduction 
of epidermal cells (Elder et al., 1989; Vassar and Fuchs, 1991). Another important 
growth signal is a paracrine factor produced by the dermis below, known as 
keratinocyte growth factor (KGF) (Gilbert, 2000). 
1.2.2. The dermis 
The dermis is the lower part of the skin, formed of mesoderm tissue (Van Exan and 
Hardy, 1984). It is much thicker than the epidermis, and is made of connective tissue, 
whose major cell type is the fibroblast. Fibroblasts are mesenchymal, but for a cell 
type that is a major contributor to tissues throughout the body, surprisingly little is 
known about their development, although they are now known to develop from two 
distinct lineages (Driskell et al., 2013). They are generally believed to be 
undifferentiated, due to the lack of any specific markers. In a tissue there is 
functional heterogeneity of the fibroblast cells, which makes isolating their 
precursors to characterise difficult (Shamis et al., 2011). The dermis is subdivided 
into the upper dermis, where the hair follicle is located, and the lower dermis, with 
these layers developing from the separate lineages. The lower dermis is responsible 
for initiating wound healing, and the upper dermis is only involved when the 
epidermis is being re-formed (Driskell et al., 2013). 
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1.2.3. Hair development and cycle  
Hair follicles form from the epidermis, although the structure is physically located 
deep within the dermis (see Figure 1.2.A.). At around E16, keratinocytes of the basal 
layer aggregate to form hair placodes, in response to Wnt signalling from the dermal 
cells below (structures known as the dermal condensates) (van der Veen et al., 1999). 
These aggregates then proliferate downwards, into the dermis - all the time 
maintaining the basement membrane between the two layers. The structure develops 
into various components including the inner and outer root sheath, the matrix and the 
hair shaft until the hair follicle is fully formed by P6 (van der Veen et al., 1999). 
Melanocytes are found at the base of the follicle, to provide melanin to the growing 
hair, and also in the bulge. When a hair is shed, the entire hair shaft is lost, including 
the melanocytes. They are replenished for a new hair cycle by the bulge, in which 
resides a stem cell pool of melanoblasts (Nishimura et al., 2002). These migrate 
down to the developing hair, and hair shaft precursors when required. Melanin 
produced in the hair shaft is minimally digested, so the whole hair can be pigmented 
(Bell, 1967). 
The adult hair cycle is a complex process, governed by interaction between 
signalling pathways including Wnt, Hedgehog, Notch and BMP (Rishikaysh et al., 
2014). Hair growth is a cycle which goes through active and quiescent periods. There 
are 3 main phases in the cycle: anagen is the growth phase where there is rapid 
proliferation of cells in the hair bulb. Catagen is the regression phase, where 
differentiation of hair shaft cells ceases, and apoptosis of the hair structures occurs. 
Telogen is the final stage, where the hair follicle is in its quiescent resting phase 
(Lang, Mascarenhas and Shea, 2013). In mice, the first hair cycle is synchronous 
between follicles, but becomes progressively more asynchronous in successive 
cycles. In an adult, the majority of hair follicles will be in anagen at any given time. 
The dense packing of hair follicles in mice  binds the epidermis and dermis very 
tightly during the growth stages making it difficult to separate the layers (Pasparakis, 
Haase and Nestle, 2014). 
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1.2.4. The ECM 
The ECM of the skin is discussed most frequently with regards to the basement 
membrane between the epithelial and mesenchymal layer, although both the 
epidermis and dermis also produce separate and vital ECMs. The ECM of the skin 
establishes some key characteristics of the skin as an organ; namely that it is 
impenetrable (minus wounding) and strong, but also flexible and pliable. Collagen 
fibres provide a large portion of these properties, and their deposition has been well 
studied. There are over 40 different collagen related genes, and 28 types of collagen 
(Gordon and Hahn, 2010; Krieg and Aumailley, 2011). Collagens are grouped based 
on the number and length of the triple helix domains that they possess, which is core 
to their secondary structure. The five sub-groups are fibril-forming, micro-fibrillar, 
network-forming, transmembrane collagens, and fibril-associated collagen with 
interrupted triple helix (FACIT) (MacFie, Light and Bailey, 1988). These groups of 
collagen provide the main structural architectures which can be seen when observing 
ECM deposition. Other important ‘core’ components of the ECM include the 
proteoglycans hyaluronic acid, keratan sulphate, chondroitin/dermatan sulphate, and 
heparan sulphate, the laminin family of proteins, elastin and fibronectin (Yue, 2014).  
1.2.4.1. Dermal ECM 
In the dermis ECM, the primary collagens are collagens I and III (Watt and Fujiwara, 
2011), which are classed in the fibril-forming collagen group. As mentioned, the 
dermis is further divided into sublayers, which also differ in their ECM composition. 
The upper layer is also known as the papillary layer, and has thin collagen fibres, 
whilst the lower layer, or reticular layer, has dense collagen fibres. The collagen 
fibres provide an important scaffold for securing other ECM proteins. The links 
between the collagens and other ECM molecules are believed to regulate the 
formation of new fibrils, and determine their size, diameter and spacing (Gordon and 
Hahn, 2010).  
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1.2.4.2. Epidermal ECM 
It was long believed that the outermost layer of the epidermis, composed of ‘dead’ 
keratinocytes, merely provided an inert physical barrier, and that all important 
processes were undertaken at deeper skin levels. It is now recognised that the stratum 
corneum contributes significantly to the overall protection role of the skin, even 
though the cells are lacking in organelles. In particular, the ECM surrounding cells in 
the outermost layer of the epidermis is designed to fulfil protective roles. The ECM 
is rich in free fatty acids (FFA) and sphingosine which exhibits potent antibacterial, 
antiviral and antifungal activity (Bibel, Aly and Shinefield, 1992; Miller et al., 1988; 
Wille and Kydonieus, 2003). The ECM helps maintain the structural integrity of the 
skin; the junctions between cells in the upper layers that provide integrity are known 
as corneodesmosomes. These are composed mainly of desmosomal cadherins, and 
are immobilised in the ECM at the cell junctions by enzymatic cross-linking (Haftek 
et al., 1991; Hitomi, 2005). Additionally, cells in the granular layer produce 
corneodesmosin, a glycoprotein which embeds within the desmosomes to reinforce 
the junction (Haftek et al., 1997; Serre et al., 1991). For cells to be shed by 
desquamation, these ECM components must be degraded. Corneocytes are 
surrounded by an insoluble envelope, comprised primarily of loricrin and involucrin 
(Steven and Steinert, 1994). Attached to this envelope, are ceramide lipids which 
maintain the skins impermeability (Marekov and Steinert, 1998).   
1.2.4.3. The basement membrane  
A major structure in the skin is the basement membrane which forms between the 
dermis and epidermis. Historically, it was thought that it was primarily produced by 
the keratinocytes of the epidermis, but it is now known to be produced by a 
combination of the keratinocyte and fibroblast cells (Marinkovich et al., 1993). This 
is supported by evidence from wound healing experiments, showing that both layers 
from either side of the wound must function to ensure the new basement membrane 
is formed. Keratinocytes and fibroblasts communicate with each other in paracrine 
signalling loops to co-ordinate their actions in response to inflammatory signals 
(Schultz et al., 2011).  
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Basement membrane structures throughout the body contain a few proteins 
ubiquitously, for example collagen IV. Collagen IV is a network-forming collagen, 
and is also known as basement membrane collagen. The 3D (3-dimensional) 
supramolecular structure is described as resembling chicken wire due to its diamond 
pattern, formed from laterally connecting 2D (2-dimensional) molecules (Barge, 
Ruggiero and Garrone, 1991; Yurchenco and Ruben, 1988). The largest non-
collagenous component of the basement membrane are laminin proteins. Laminin is 
required for the assembly of the basement membrane, and like collagens, form 
structural networks. Laminins are also known to have properties for controlling cell 
adhesion, migration and polarity (Aumailley and Smyth, 1998; Terranova, Rohrbach 
and Martin, 1980).   
1.3. KIT and KITL 
KIT and KITL play an integral role in the development of the melanoblast, 
erythrocyte and gamete lineages. KITL is also known as stem cell factor (SCF), mast 
cell growth factor and steel factor. KITL is expressed by keratinocytes in the 
microenvironment, whilst KIT is expressed by melanoblasts. 
KIT is a member of the large type II receptor tyrosine kinase family. KIT has two 
major isoforms, formed by alternative splicing, that differ in the absence or presence 
of a GNNK tetrapeptide sequence in the extracellular juxtamembrane region 
(Hayashi et al., 1991). Both isoforms are co-expressed in most tissues, with the -
GNNK version usually found in higher quantities although ratios between the 
isoforms varies by tissue (Crosier et al., 1993). A study conducted in NIH3T3 cells 
demonstrated that upon KITL stimulation, the predominant -GNNK isoform 
underwent higher tyrosine phosphorylation and faster internalisation post-activation, 
than the +GNNK isoform (Caruana, Cambareri and Ashman, 1999).  
KITL also has two major isoforms with different functions, although both stimulate 
the same receptor. One isoform is cleaved readily from the cell membrane, and is 
termed soluble KIT ligand (sKITL). The other isoform is initially bound to the cell 
membrane, and is termed membrane-bound KIT ligand (mKITL). It is cleaved more 
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slowly from the membrane via a less efficient cleavage site (Majumdarsb et al., 
1994). sKITL is reported to produce rapid and transient activation of the KIT 
receptor, whilst mKITL activation is sustained for longer (Miyazawa et al., 1995). It 
is hypothesised that this is due to mKITL being anchored to the cell membrane, 
thereby inhibiting internalisation of the KIT/mKITL  complex which occurs once 
activation has completed (Rönnstrand, 2004). There does not appear to be any 
discernible difference between the affinity of either isoform of KITL binding of the 
receptors (Caruana, Cambareri and Ashman, 1999). 
1.3.1. Mouse mutations  
1.3.1.1. The W locus  
Mice presenting with the dominant white spotting phenotype (W) were first described 
in 1908 (Durham, 1908), and were of genetic interest for 80 years before the gene 
product was identified as the KIT receptor (Geissler, Ryan and Housman, 1988). 
Two alleles are most often described, both arising from spontaneous mutations. First, 
KitW is a guanosine to adenosine substitution that produces different mutant 
transcripts with significant deletions due to exon skipping (Hayashi et al., 1991). 
KitW mice are sterile with no pigmentation, and die perinatally due to anaemia (de 
Aberle, 1927), which is detectable by E12.5 (Russel, Thompson and McFarland, 
1968). KitW/+ mice show only pigmentation defects, with white spotting and irregular 
dispersal of unpigmented hairs (Dunn, 1937), and do not show deficiencies in the 
gametes or erythrocytes (Grüneberg, 1942). The KitW-v (viable dominant spotting) 
allele was described in 1937 (Little and Cloudman, 1937), and is a threonine to 
methionine substitution (Cable, Jackson and Steel, 1995). KitW-v are viable for weeks 
after birth, with some animals surviving to adulthood (de Aberle, 1927). These mice 
have unpigmented coats, although some pigment may be present on the ears (Little 
and Cloudman, 1937). In addition, some strains are anaemic, males are sterile and 
females have a greatly reduced number of oocytes (Kissel et al., 2000; Mintz and 
Russell, 1957; Russell, 1949). KitW-v/+ mice have a diluted coat colour which is not 
seen in KitW/+ mice. A common presentation in mice with heterozygous Kit 
mutations is of unpigmented patches of skin on the belly – the most ventral location 
24 
 
from the origin of the NC melanoblasts. Unpigmented patches in these mutants have 
no melanocyte population (Jordan and Jackson, 2000b). 
1.3.1.2. The Steel locus 
The Steel phenotype (Sl) arose from inbreeding of the C3H strain (Sarvella and 
Russell, 1956). KITL was identified as the protein coded for at the Sl locus in 1990 
(Zsebo et al., 1990). The KitlSl allele has a deletion encompassing the majority of the 
coding region (Zsebo et al., 1990). KitlSl mice are embryonic lethal, also due to 
anaemia (Sarvella and Russell, 1956). Conversely, KitlSl/+ mice have normal 
lifespans and a relatively mild phenotype; they have a diluted coat colour, an 
unpigmented belly spot and lack of pigment at the extremities of the feet and tail 
(Bennett, 1956). The two models were always linked due to their similar phenotypes, 
and hypothesised to be a receptor/ligand pair long before it was proven by Zsebo et 
al. (1990).  
1.3.2. Biological function in development  
Many mutations at the W and Sl loci have been described in addition to those detailed 
above. The three main lineages affected in the W and Sl mouse series are 
erythrocytes, gametes and melanoblasts, although KIT and KITL are not expressed 
exclusively in these cells (Bernex et al., 1996; Yue et al., 2014). Early in the studies 
of KIT and KITL mutants, it was noted that the affected lineages all undergo 
extensive migration paths during development, and so early hypotheses believed 
KIT/KITL interactions functioned specifically to direct and guide migration. The 
developmental roles of KIT/KITL signalling are more diverse than this however, and 
have been best studied in haemopoiesis – it is vital for the maturation, proliferation 
and survival of some blood cells (Kapur and Zhang, 2001), and in some  subtypes it 
has to be shown to have chemoattractant properties (Meininger et al., 1992). There is 
also a wealth of evidence for similar roles during gametogenesis, where a local KITL 
expression has been shown to direct migration of the cells both during development 
and in subsequent meiotic events (Bialas et al., 2010; Hutt, McLaughlin and Holland, 
2006). In embryonic stem cells (ES), KIT/KITL pathways are involved in 
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suppressing apoptosis in the differentiating cells, thereby promoting survival 
(Bashamboo et al., 2006). 
As discussed previously, KIT/KITL signalling is known to be vital in early 
melanoblast development and in final localisation steps to the hair follicle. However, 
further to this, KIT/KITL is required for the survival, migration and proliferation of 
cells in mid-development. The mechanisms of action, and the biological function in 
between the MSA and the hair follicle stages is not fully understood. Whilst KITL is 
known to have chemoattractant properties in other lineages, data shows that KITL 
promotes migration to the hair follicle, it is not in a chemoattractant manner (Jordan 
and Jackson, 2000a). This was demonstrated using slow-release Affi-Gel beads 
coated in sKITL, and sKITL added directly to culture medium; in both experiments 
there was ~ a two-fold increase in the number of melanoblasts localised to the hair 
follicles, but no melanoblasts localised to the beads in the first (Jordan and Jackson, 
2000a). KITL has been shown to alter the interactions of human melanocytes with 
some ECM proteins, and thereby alter properties of adhesion and migration, by 
regulating levels of integrin (Scott et al., 1994). In haematopoiesis, KITL is reported 
to induce adhesion of cells with fibronectin, again through integrin (Broudy, 1997). It 
is also hypothesised that the interaction of KIT with mKITL may help anchor cells to 
the surrounding fibroblast environment (Kurzrock, 2003).  
In adults, KIT/KITL signalling is involved in the maintenance of melanogenesis in 
successive cycles of anagen (Hachiya et al., 2009). KITL is not expressed in the adult 
mouse epidermis of the trunk, whilst it is in humans, possibly indicating a role in 
maintaining the interfollicular melanocytes there (Longley and Carter, 1999).  
1.3.3. Mechanism and signalling pathways 
KIT receptor activation is achieved by the simultaneous binding of two KITL 
molecules to two KIT receptor molecules (Lev, Yarden and Givol, 1992). This 
dimerisation activates the autophosphorylation of specific tyrosine residues on KIT 
(Blume-Jensen et al., 1991; Lev, Yarden and Givol, 1992). The phosphorylated 
residues allow docking of signalling molecules. Signalling molecules which bind to 
26 
 
the tyrosine residues dock due to the presence of either a phosphotyrosine binding 
domain (PTB) or Src Homology 2 (SH2) (Masson et al., 2006; Wagner et al., 2013).  
1.3.3.1. Downstream of KIT/KITL 
There are 3 main signalling pathways that are triggered by activation of KIT. These 
are the PI3-K, MAPK and Src family kinases (SFKs) pathways. The PI3-K pathway 
is well studied, and in melanocyte biology is believed to be involved in promoting 
survival of the lineage (Blume-Jensen, Janknecht and Hunter, 1998). The major 
target of PI3-K is the serine/threonine-specific protein kinase Akt (also known as 
protein kinase B (PKB)). Akt is believed to be a key determinant in apoptosis, where 
it promotes cell survival (Oka et al., 2004). In mast cells, the PI3-K pathway is also 
known to regulate cell migration and proliferation through KIT signalling (Vosseller 
et al., 1997). The MAPK pathway is also well studied, and known to be vital for 
melanoblast proliferation, differentiation and survival. The main MAP-kinases 
involved are Erk1/2, which are activated after KIT phosphorylation, through a 
protein kinase cascade (Liang et al., 2013). Ultimately, the activated Erk1/2 targets 
multiple transcription factors to exert control over cellular functions (Whitmarsh, 
2007). Finally, signalling to SFKs are again thought to be important in survival, 
proliferation and migration, as well as a role internalising KIT after signalling 
(Broudy et al., 1999). Interactions with phosphorylated residues on KIT cause a 
conformational change in SFKs which increases catalytic activity (Lennartsson and 
Ronnstrand, 2012). The response of the isoforms of KIT to KITL stimulation have 
been shown to be a result of their ability to activate SFKs (Voytyuk et al., 2003).   
1.3.3.2. Downregulating KIT signalling  
KIT activity can be modulated in a number of ways. The receptor can be internalised 
and degraded, the kinase domain can be dephosphorylated and the specific tyrosine 
residues can also be dephosphorylated (Lennartsson and Ronnstrand, 2012).  
Degradation of the receptor (after binding of KITL) is suggested to occur by 
targeting to the lysosomes via E3 ligase mediated ubiquitination, once it has been 
internalised (Haglund et al., 2003). KIT is also under negative feedback regulation, 
through the protein kinase C (PKC) family. KITL stimulation leads to activation of 
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phospholipase D, which further leads to the release of phosphatidic acid, a precursor 
of DAG (diacylglycerol) which activates PKCs. PKCs phosphorylate residues in the 
kinase insert region of KIT, which prevents further kinase activity (Blume-Jensen et 
al., 1994). Mutating these residues (S741 and S746) results in increased KIT 
activation (Blume-Jensen, Janknecht and Hunter, 1998). The protein tyrosine 
phosphatase (PTP) SHP1 has been shown to bind and supress KIT signalling in 
haematopoietic cells, and other PTPs likely function in melanocytes (Lennartsson 
and Ronnstrand, 2012; Lorenz, 2009). 
1.3.4. KIT/KITL signalling and disease  
1.3.4.1. Developmental diseases  
The effect of mutations in Kit or Kitl mutations in mouse mutants is predictable and 
consistent in either the dominant white spotting (W) or steel (Sl) mouse phenotypes 
respectively. Mice present with a white belly spot, which has not been colonised by 
melanoblasts during development. The centre of the belly is the furthest area that 
melanoblasts must reach, having begun their journey on the dorsal midline. In KitW/+ 
mice, the rest of the coat shows normal pigmentation, while KitlSl/+ have a diluted 
coat colour (Bennett, 1956; Dunn, 1937). As there is no sign of melanoblast 
apoptosis, it is hypothesised that for an unknown reason, the melanoblasts do not 
migrate far enough during development (Mort, Jackson and Patton, 2015). 
In humans, the pigmentation disease piebaldism has been shown to be caused by 
heterozygous mutations in Kit, presenting in an autosomal dominant manner (Giebel 
and Spritz, 1991). Patients present clinically with white patches of skin, commonly 
including a patch on the forehead – the congenital white forelock. Patches are present 
from birth, and generally remain stable throughout life (Oiso et al., 2013). The first 
mutation was identified by Giebel in 1991, and over 60 other mutations have since 
been described (Giebel and Spritz, 1991; Oiso et al., 2013). The severity of the 
phenotype correlates to the mutation severity. The mildest mutations/phenotypes 
occur in the N-terminal domain, and the most severe in the tyrosine-kinase domain 
(Richards et al., 2001). Mutations severity, and therefore phenotype, correlate with 
haploinsufficiency, with mild mutations exhibiting 50% of normal KIT function, 
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while the severest mutations preserve only 25% of KIT function, due to dominant-
negative inhibition (Oiso et al., 2013). Conversely, gain of function mutations in Kitl 
have been implicated in a rare hyperpigmentation disorder (Wang et al., 2009). 
1.3.4.2. Cancers 
Kit and Kitl expression changes in adults have been reported in various cancers, 
including but not limited to, lineages of NC origin. Loss of Kit expression has been 
associated with melanoma, breast cancer and thyroid cancer (Franceschi et al., 2017; 
Montone et al., 1997; Talaiezadeh, Jazayeri and Nateghi, 2012). Overexpression of 
KIT and KITL have been reported in melanoma, colorectal cancer, breast cancer, 
small cell lung carcinoma, gastrointestinal tumours and neuroblastomas (Bellone et 
al., 1997; Hines et al., 1995; Hirota et al., 2001; Inoue et al., 1994; Krystal, Hines 
and Organ, 1996). Interestingly, these have often been found to have developed 
positive feedback loops leading to constant and autonomous stimulation between the 
receptor and ligand. In a small cell lung carcinoma study, the number of tumours that 
this KIT/KITL loop was reported in was as high as 70%. The study demonstrated 
that inhibiting this mechanism reduced the capacity of the cancer cells to grow, 
indicating a substantial role of this interaction in disease progression (Krystal, Hines 
and Organ, 1996). Other studies have also reported that blocking KIT/KITL activity 
inhibits tumour growth (Kuonen et al., 2012; Olgasi et al., 2014). 
Kit mutations are driver mutations in melanomas (Hodis et al., 2012), but only 
account for a small patient group (2-8%) (Beadling et al., 2008; Curtin et al., 2006; 
Willmore-Payne et al., 2005). Clinically, melanomas are further subdivided by area 
of presentation, and are increasingly viewed as distinct cancers. Kit mutations are 
found in much higher frequency in some of these subcategories. For example, one 
study found activating mutations in Kit in 39% of mucosal melanomas, 36% of acral 
melanomas, and in 28% of melanoma in chronically sun damaged skin (Curtin et al., 
2006). Others have also reported elevated rates of mutations in these subtypes 
(Beadling et al., 2008). 
Specific mutations of Kitl in melanoma have not been reported, despite the often 
elevated levels of expression. A pivotal study in oncology, however, associated Kitl 
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with cancers through p53. Zeron-Madina et al. reported a polymorphic SNP (single 
nucleotide polymorphism) in the p53-RE (p53-response element) of Kitl, identified 
through a genome-wide association study (GWAS) (Zeron-Medina et al., 2013). P53 
is described as the “guardian of the genome”, acting on a range of targets to control 
many cellular processes related to cancer, including DNA repair, cell cycle, 
apoptosis and senescence (Lane, 1992). P53 binds to targets through a consensus 
sequence that is well defined – the response element (Wang et al., 2010). The SNP 
discovered in the Kitl p53-RE alters the functional ability of p53 to bind to and 
regulate transcription of Kitl. The group report that the SNP “associates with one of 
the largest risks identified among cancer genome-wide studies”, and that there is 
evidence of evolutionary selection to maintain the change, despite evidence that 
other SNPs in p53-REs are rare and considered unfavourable (Zeron-Medina et al., 
2013). 
1.4. Current methods of studying melanoblast 
behaviour 
1.4.1. In vivo studies 
Mouse models of pigmentation diseases exist either through spontaneous mutations 
(e.g. the KitW or KitlSl mice) or through genetic engineering. Genetic engineering can 
be used to great effect, whether it be in developing a specific reporter line, or 
modelling specific disease mutations. Mouse models designed to recapitulate human 
disease mutations directed at the melanocytes are predominant, for reasons discussed 
previously. With the emergence of new tools for introducing mutations, for example 
the CRISPR/Cas9 system (Clustered Regularly Interspaced Short Palindromic 
Repeats/CRISPR-associated protein-9 nuclease), creating models with specific 
mutations is becoming increasingly practical. The use of inducible models combined 
with the Cre/Lox system, allow temporal and spatial control of gene expression and 
visualisation in vivo. The classical melanocyte models use components of the 
melanogenesis pathways as cell specific markers. These are usually Dct or Tyr based 
and have been described many times in line with the continual development of Cre 
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recombination, to the current models which use the CreERT2 recombinase to control 
gene expression via tamoxifen (Bosenberg et al., 2006; Delmas et al., 2003; Feil et 
al., 1997; Guyonneau et al., 2002). In this thesis, we use a novel mouse with the 
melanoblast specific marker, Pmel, to isolate melanoblasts in the skin (Mort et al., 
2016). 
One of the most effective, and widely used techniques to study early melanoblast 
development uses the LacZ reporter assay. Again, the LacZ gene is commonly 
combined with Dct or Tyr in transgenic lines (Mackenzie et al., 1997). LacZ 
expression is then examined histopathologically by staining for the product of LacZ, 
β-galactosidase, using X-gal (5-bromo-4-chloro-3-indolyl--D-galactoside) (Burn, 
2012). It is useful for studying melanoblasts in situ. For example, this technique has 
been used to count the number of melanoblasts at various stages (Luciani et al., 
2011). The main disadvantage of this technique is the inability to study cells in real 
time. 
In melanoma research, in vivo studies range from studying the development of the 
disease, to testing therapeutic agents. Xenograft models, where human cells are 
transplanted into a mouse are commonly used to study the original metastatic events 
(McKinney and Holmen, 2011). Studying human cells, and human mutations is 
obviously clinically relevant, however the mix of human cells in mouse tissues is not 
ideal. Xenografts in immunocompromised mice, are implants with either cloned 
cancer lines, or more recently patient derived tumour xenografts (PDTX) (Kuzu et 
al., 2015). Although useful in studying metastatic events, a major drawback is the 
lack of immune system interaction which is vital in a comprehensive model, and can 
be particularly important if using models for drug discovery or testing (Pickup, 
Mouw and Weaver, 2014). Syngeneic mouse models also exist with either the 
introduction of whole tumours or a cancerous cells. Tumours found in immune-
compromised mice are transplanted onto mice with functional immune systems, to 
address the need for an appropriate immune response (Kuzu et al., 2015). The main 
disadvantages to this technique is that the tumour has already formed, so are not 
good models for studying initiation events. The most prevalent syngeneic cell models 
use B16 murine melanoma cells. These cells form tumours spontaneously and 
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metastasise in vivo (Kuzu et al., 2015). One common subclone is B16F10, which is 
highly metastatic and causes death in the mice by ~4 weeks post-transplantation 
(Fidler and Nicolson, 1976; Gehlsen and Hendrix, 1986; Kuzu et al., 2015). 
1.4.2. Ex vivo studies  
Explant cultures of mouse skin are a popular method which are used to separate the 
organ or structure of interest; they are generally easy to isolate, and can be 
maintained in culture for a number of days. The caveat, however, is that isolating the 
skin is limited to later development – removing the skin from an embryo at E13.5 is 
technically challenging, and is it difficult to keep the tissue intact. Removing the skin 
whole before E13.5 is impossible. This is a limitation to ex vivo techniques in 
melanoblast development, as a large portion of the dermal migration has finished by 
this point. An ex vivo technique developed by Mort et al. has allowed study of the 
developing melanoblast population using live-imaging (Mort et al., 2014). The 
technique expands on previous methods of explant cultures, by developing an 
inverted confocal microscope-compatible culture chamber with an air-liquid 
interface (ALI). Crucially, it allows tracking of the cells in real time, and has been 
used to measure cell behaviours including migration and proliferation. The 
disadvantages of this technique are the limited time window in which it can be 
performed. The ideal age is E14.5, when the skin is easily dissectible, but the skin 
remains thin enough to be transparent. After E15.5, the skin becomes difficult to 
penetrate by microscopy. 
Traditionally, NC migration events have also been studied via neural tube explant 
cultures. The developing neural tube can be microdissected from the embryo, and 
maintained for days in culture (Girdlestone and Weston, 1985; Loring, Barker and 
Erickson, 1988). Using this technique, various cell behaviours can be examined, 
including but not limited to, migration, proliferation and differentiation status. Loring 
et al. describe a clustered population of cells on neural tube explants, which when 
cultured further  differentiate into melanocytes (Loring et al., 1981). Building on the 
original neural tube methodology, researchers have refined and developed the 
protocols to isolate as pure a population of the NC as possible, while maintaining the 
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structure (Pfaltzgraff, Mundell and Labosky, 2012). The obvious disadvantages to 
NC explants is the lack of a microenvironment to migrate within, which is 
undoubtedly essential. 
An overall disadvantage of any ex vivo study is that it is difficult to predict whether 
the organ/cells would function in the same way, had they been part of the whole 
organism. For example, there are many examples of long range cues in development, 
including signalling from the dermis to induce melanoblast migration in vivo 
(Tosney, 2004). The burden of this disadvantage probably varies by system, as 
indeed in the two ex vivo cultures described here. In the skin explant, local 
melanoblast behaviour is likely to reflect the in vivo behaviour accurately because 
the microenvironment is intact, although there remains the possibility that there are 
influences upon the skin that are lost. In the NC explant cultures, there is complete 
loss of the environment, which could have a major impact on the cells behaviours. It 
is therefore vital for researchers to determine what questions their chosen method can 
explore. 
1.4.3. In vitro studies  
In vitro models provide a great deal of flexibility that is not achievable when 
working with animals. The diversity in the assays that have been developed reflect 
this. As in animal models, in vitro models can be genetically engineered with 
increasing ease, with in vitro tools being particularly valuable for looking at 
mutations which have harmful effects, for example homozygote KitW or KitSl which 
are lethal (de Aberle, 1927; Sarvella and Russell, 1956). Complex biological 
hypotheses can be broken down into component questions, using separate 
experiments to identify single outcomes. Migration for example, can be studied in 
multiple ways, in assays that can be modified to a specific need. Experiments could 
be performed using a chemotaxis chamber to look at migration events in response to 
a chemoattractant gradient. Then, using a scratch-assay, migration could be looked at 
in response to signalling in an immune response. Using multiple assays then allows 
researchers to combine different results to reach conclusions.  
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As mentioned, the number of melanoblasts present during early development is very 
small, and remains under 10,000 cells by E14.5 (Luciani et al., 2011). This presents 
challenges for a number of experiments, including when trying to isolate genetic 
material or proteins from this population. Selective cultures of 
melanocytes/melanoblasts following epidermis dissection can be a useful tool as a 
pure population can be isolated, then immortalised for further study (Sviderskaya, 
Wakeling and Bennett, 1995). Expansion of these cells can then provide the material 
needed and the ability to repeat experiments without introducing variation between 
individual mice. Numerous cell lines for the study of melanocytes have been 
established. Both melanoblast and melanocyte lines have been isolated from wildtype 
mice, and mice with mutations leading to various pigmentation diseases. A principal 
cell bank dedicated to pigment cell biology is maintained and run in association with 
the Wellcome Trust, and is the source of the three melanoblast cell lines in this thesis 
which will be introduced in Chapter 3.  
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1.5. Project aims  
The National Centre for the Replacement, Refinement and Reduction of Animals in 
Research (NC3Rs) provided the funding for this PhD project. This organisation 
supports and promotes research which focuses on reducing the use of animal models, 
or which aims to improve animal welfare. The mouse has been at the core of pigment 
cell research for generations due to the ability to observe pigmentation patterns in the 
fur as a direct outcome of genetics, and the fact that mutations targeted specifically to 
the melanoblast/melanocyte cells do not cause adverse health effects. This project 
addresses two of the principals of the NC3Rs; replacement and reduction. In vitro 
tools can be used to directly replace in vivo experiments, if they are deemed 
effective. In vitro tools further allow biological data to be collected on a subject 
before explorations begin in animals – this both reduces the amount of animals used 
by refining the hypothesis, and also provides more background evidence that the 
animal study could lead to useful data; this can be an important factor in gaining 
ethical approval for animal research. At all points in animal research, their use must 
be fully justified.   
In accordance with the principles of the NC3Rs, the objectives and biological 
questions explored in this thesis are as follows;  
1. To develop novel in vitro tools to explore melanoblast development in a relevant 
environment. 
2. To investigate the interactions of KIT and KITL, as key factors necessary for 
melanoblast development. 
3. To investigate the changes in melanoblast gene expression during their early 
development using a novel mouse reporter line.  





Chapter 2                                    
Materials and Methods 
 
2.1. Microbiology methods 
2.1.1. Bacterial transformation 
Transformations were performed in DH5α E.coli cells; either subcloning (SC) 
efficiency cells for routine applications or library efficiency (LBE) cells for more 
difficult cloning steps (both Invitrogen). For SC cells, 50µl (microlitres) DH5α cells 
were incubated with ~1ng (nanogram) plasmid for 30 minutes (mins), before heat 
shock at 42oC (degrees Celsius) for 20 seconds (secs). For LBE cells, 100µl 
DH5αE.coli cells were incubated with ~1ng plasmid for 30 mins, before heat shock 
at 42oC for 45 secs. Cells were incubated on ice for 2 mins to recover. Cells were 
then supplied with pre-warmed LB (Luria-Bertani medium) or SOC (Super Optimal 
broth with Catabolite repression) (SC-950µl LB, LBE-900µl SOC), and placed in a 
shaking incubator for 1hour (hr) at 37oC. Cultures were spread on pre-warmed L-
agar plates, containing the appropriate antibiotic selection, in various amounts (50µl, 
200µl and the remaining culture). Plates were incubated inverted, overnight at 37oC, 
and checked the following morning for bacterial colonies. 
LB and L-agar plates were pre-made by the Institute of Genetics and Molecular 
Medicine (IGMM) core technical services team to the following recipes; LB medium 
– 10g/L (grams per litre) NaCl, 10g/L Tryptone, 5g/L Yeast extract. L-agar plates - 
10g/L NaCl, 10g/L, Tryptone, 5g/L, Yeast extract, 15g/L Difco Agar, ampicillin or 
kanamycin 50µg/L. 
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2.1.2. Growth and purification of DNA from bacterial 
transformations 
2.1.2.1. For Miniprep 
Following transformation, single cell colonies were picked using a pipette tip, and 
used to inoculate 3mls (millilitres) of warm LB with appropriate antibiotic. This was 
incubated at 37oC for 16hrs. Cells were harvested by centrifuging ~1.5mls of culture 
for 3 mins. The remaining culture was kept at 4oC for use in making glycerol stocks. 
DNA isolation was performed using PureLink Quick Plasmid Miniprep kit 
(Invitrogen) according to the manufacturer’s instructions. Plasmid sequences were 
confirmed by restriction digest. 
2.1.2.2. For Maxiprep 
Using a disposable inoculating loop, bacteria (from culture remaining in 2.1.2.1. or 
glycerol stock in 2.1.3.) were streaked on an agar plate with appropriate antibiotic 
and incubated at 37oC for 16 hrs. A new loop was used with every streak to ensure 
single colonies would be achieved. Single colonies were picked (depending on the 
number of maxipreps desired) and grown in 5mls LB at 37oC for 8hrs. This culture 
was then used to inoculate 250mls of LB with antibiotic, and left to grow overnight 
in a shaking incubator at 37oC. DNA was isolated using the PureLink HiPure 
Plasmid Filter Maxiprep Kit (Invitrogen) according to the manufacturer’s 
instructions. Plasmids were confirmed by restriction digest. 
2.1.3. Glycerol stocks 
Plasmids were stored long-term by mixing 800µl of bacterial culture with 500µl 80% 
glycerol in 2ml cryo-screw capped tubes (Greiner), then freezing at -80oC. To 
recover bacteria from a glycerol stock, the culture was thawed very slightly, until a 
sterile disposable loop could collect some frozen culture. This was streaked out on an 
agar plate, and then miniprep or maxiprep procedures followed as appropriate.  
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2.2. DNA methods 
2.2.1. Restriction digestion 
Restriction digests were performed with enzymes from New England BioLabs 
(NEB) Depending on the volume required, reactions were mixed as follows; 
Digest to check plasmid structure;          
DNA 1ng 
Enzyme 1             1µl 
NEB buffer           2µl 
dH20      up to       20µl 
Digest to cut plasmids for cloning; 
DNA 2ng 
Enzyme 1             1µl 
NEB buffer          7.5µl 
dH20     up to       75µl 
Multiple enzymes were used in a single reaction as required, and the volume of the 
reaction adjusted with dH2O (distilled water). Digestion mixture was incubated at 
37oC for 1hr. 
2.2.2. SAP treatment 
For cloning protocols, SAP treatment (shrimp alkaline phosphatase) was performed 
to prevent the linearised template DNA ends from re-ligating; this greatly increases 
cloning efficiency. 2µl of SAP was added to the digestion mix (after 1hr incubation), 
and incubated for a further 30 mins at 37oC. 
2.2.3. Gel electrophoresis 
DNA samples were analysed for size by agarose gel electrophoresis, using gels 
ranging from 0.8-2% agarose/TBE (w/v) (Tris borate EDTA (ethylene diamine 
tetraacetic acid)) depending on application; where bands were to be excised and 
DNA extracted, a 0.8% gel was used, for analysing small fragments, a 2% gel was 
used, and for routine applications, a 1% gel was used. Gels were cast by dissolving 
agarose (Hi-Pure Low EEO Agarose, Biogene) in TBE buffer (89mM Tris base, 
89mM boric acid and 20mM EDTA), and heating in a microwave oven. Ethidium 
bromide was added at 0.5µg/ml to cooled gel, before pouring into gel trays with 
combs. Markers containing DNA fragments of known sizes were added as a ladder 
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for reference. Ladders were chosen depending on predicted band size; 1kb (kilobase) 
DNA ladder (Invitrogen) or 100bp (base pairs) DNA ladder (Promega). 
For checking DNA structure/sequence, the entire volume (20µl + 5µl loading buffer) 
was run by gel electrophoresis. To check the complete digest of plasmids for cloning, 
5µl of reaction was mixed with 5µl loading buffer and 15µl H2O, then this entire mix 
run by gel electrophoresis. 
80-120V was applied, and the gels were visualised with a UV transilluminator
(BioDoc-It System, UVP).
2.2.4. Gel purification 
Where separated DNA was to be excised for further use, the entire 75µl reaction was 
run in a single wide well to minimise gel content. DNA was run by gel 
electrophoresis until the required band was separated enough from its neighbouring 
bands to cut out. The correct bands were identified by fragment size, then excised 
using a clean scalpel blade under a UV light. DNA was extracted using a QIAquick 
Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions. 
2.2.5. Purification of DNA  
2.2.5.1. Phenol/Chloroform extraction 
The DNA preparation (from 2.2.1.-2.2.3.) was adjusted to 100µl with dH2O. An 
equal volume of phenol:chloroform:isoamyl alcohol solution (25:24:1) 
(ThermoFisher Scientific) was added and mixed by pipetting. Mix was centrifuged at 
full speed for 5 mins. The aqueous top layer was removed into a fresh tube, being 
careful not to disturb the interface. DNA was precipitated as detailed below. 
2.2.5.2. Ethanol precipitation 
10µl 3M NaOAc (sodium acetate) and 3µl glycogen (GlycoBlue ThermoFisher 
Scientific) were added to the DNA and mixed. 2.5 volumes (250µl) 100% EtOH 
(ethanol) was added and mixed. The mixture was incubated on dry ice for 15 mins, 
ensuring that it was not allowed to freeze. The mixture was then centrifuged at 
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14000rpm (revolutions per minute) at 4oC for 30 mins. The supernatant was 
removed, and the DNA pellet washed twice, by adding 250µl 70% EtOH and 
spinning for 2 mins. All traces of EtOH were removed and the pellet left to air-dry 
until translucent. DNA was dissolved in dH2O; 10µl for insert sequences and 40µl 
for recipient sequences. 
2.2.6. Ligation 
2.2.6.1. Annealing primers 
To create polylinkers, two complimentary oligonucleotide sequences were ligated 
together. Polylinkers were designed to insert new multiple cloning sites containing 
restriction sites needed for cloning. To join oligonucleotides, 5µl of each primer was 
mixed with 5µl ligation buffer (Invitrogen), and 35µl dH2O. This reaction was 
incubated at 95oC for 10 mins, then allowed to cool to room temperature. Once 
cooled, the annealed polylinker was used as the ‘insert DNA’ in the next stage (see 
2.2.6.2.).  
2.2.6.2. Ligating DNA fragments 
Ligations were performed in triplicate with increasing amounts of insert sequence to 
maximise chances of success i.e. increasing molar ratios; 
Mix 1 Mix 2 Mix 3 
Backbone DNA 1 1 1 
Insert DNA 1 2 3 
T4 ligase (Invitrogen) 1 1 1 
Ligation buffer 1 1 1 
H2O 6 5 4 
Reactions were mixed at room temperature, and left to incubate overnight at 16oC. 
Ligations were then transformed as described in 2.1.1. and analysed by restriction 
digest.  
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2.2.7. Polymerase chain reaction 
DNA amplification was achieved using polymerase chain reaction (PCR). Primers 
were designed either manually based on the sequence of interest, or by using Primer3 
software (freely available at http://primer3.ut.ee/). Primer pairs were typically 
designed to span the entire coding region of the gene of interest. A list of primer 
pairs used in this thesis can be found in Table 2.2. 
The reaction mix was set-up in line with manufacturer’s instructions to the following 
final concentrations in dH2O – template DNA <250ng, Phusion DNA polymerase 1.0 
U/50µl, 0.5µM (micromolar) forward primer, 0.5µM reverse primer, 200µM DNTPs 
(deoxynucleotides), 1X Phusion HF Buffer.  
PCRs were carried out using standard temperature and time cycles, in a thermal 
cycler.  
Initial Denaturation  95oC 5 mins 
Denaturation 94oC 30 sec    
Annealing 58oC 30 sec    
Extension 72oC 45 sec    
�    35 cycles 
Final Extension  72oC 5 mins     
2.3. Cell culture methods 
All cell culture methods were performed in a laminar flow hood. Cells were 
maintained under standard cell culture conditions of 37oC with 5% CO2 (carbon
dioxide). 
2.3.1. Routine cell maintenance 
Cells were passaged at ~80% confluency, in a ratio determined by cell growth. To 
detach cells, culture media was removed using a glass pipette in an aspirator, and the 
flask was washed in PBS (phosphate buffered saline) to remove any residual media. 
Cells were detached from the surface using trypsin-EDTA (Sigma-Aldrich) diluted in 
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PBS. Cells were incubated with 1X trypsin-EDTA for ~ 3 mins, apart from COCA 
cells which require ~12 mins to detach. Trypsin was neutralised using an equal 
amount of cell media containing FCS (fetal calf serum). For COCA cells, trypsin was 
neutralised with an equal amount of soybean serine protease inhibitor (from Glycine 
max, Sigma-Aldrich). The cell suspension was centrifuged at 13,000rpm for 3 mins. 
All liquid was removed, and cells were reseeded at desired density. A list of the cell 
media for each cell line used can be found in Table 2.1. 
2.3.2 Thawing and freezing cell lines 
Cell vials were recovered from liquid nitrogen storage, and plunged directly into 
water at 37oC. Pre-warmed media was immediately added, dropwise, to the vial and 
the cells resuspended. This was then centrifuged and the freezing media, containing 
DMSO (dimethyl sulfoxide), removed. Cells were resuspended in media and plated 
into the appropriate sized flask. 
2.3.3. Cell counting 
Cell counts were performed either using a standard haemocytometer, or with a 
Scepter 2.0 Handheld Automated Cell Counter. For use in the Scepter, 10µl of cell 
suspension was diluted in 290µl cell media before counting.  
2.3.4. DNA transfections 
DNA transfections were performed either by electroporation or lipofection. 
Electroporation was achieved using the Invitrogen Neon transfection system (100µl), 
according to the manufacturer’s instructions. 1x106 cells were suspended in 100µl 
buffer R and 5µg total of high quality DNA (to equal no more than 20µl). 5ml of 
buffer E was added to the Neon chamber tube. Cells were drawn into 100µl pipette, 
carefully ensuring no bubbles entered the tip. B16F10 cells were electroporated at 
1200V, 2 times for 20 ms (milliseconds). COCA cells were electroporated at 1300V, 
2 times for 20ms. 3T3 cells were electroporated at 1350V, 2 times for 20ms. Cells 
were immediately plated in 6-well plates, containing ~2mls of antibiotic free media. 
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Table 2.1. Cell lines and culture conditions.  
All cell media (barring COCA) was from Gibco. COCA cell media, and complete 
supplements were from CELLnTEC. Media was supplemented with 10% FCS 
(barring COCA) and 1:100 P/S (penicillin/streptomycin). 
Cell name Media Source 
COCA Cnt-07 or             CnT-02-3D 
ECCACC General cell 
collection 
NIH3T3 DMEM Peter Budd/ Dr Emma Hall 
B16F10 RPMI Professor C Goding 
Melb-a 
RPMI     






RPMI     






RPMI     





NIH3T3-mKITL_NeonGreen DMEM Generated within thesis 
NIH3T3-mKITL_sfGFP/Cherry DMEM Generated within thesis 
NIH3T3-sKITL_NeonGreen DMEM Generated within thesis 
NIH3T3-sKITL_sfGFP/Cherry DMEM Generated within thesis 
NIH3T3-KIT_Cherry DMEM Generated within thesis 
NIH3T3-KIT_sfGFP/Cherry DMEM Generated within thesis 
To freeze cells, a confluent flask of cells was detached as described in 2.5.1. The cell 
pellet was resuspended in 1ml freezing mix (48% Ham’s F10 media, 40% TPB 
(tyrptose phosphate broth), 12% DMSO) in a 2ml cryotube (Greiner). Vials were 
frozen slowly in polystyrene at -80oC before being transferred to liquid nitrogen 
storage. 
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For lipofection, transfection was performed with Lipofectamine2000 (Invitrogen), 
according to the manufacturer’s instructions. 1 x 106 cells were plated in a T25 flask. 
24 hrs (hours) later, 625µl of Optimem media (Invitrogen) was mixed with 25µl of 
Lipofectamine2000 transfection reagent, and left to incubate for 5 mins. This was 
then mixed with a further 625µl of Optimem plus 5µg of high quality DNA, and 
incubated at room temperature for 20 mins. This mix was then added to the cells (in 
antibiotic free medium).  
After 24hrs, cell media was replaced with media containing selection antibiotics. For 
DNA transfections with fluorescent constructs, cells were checked by light 
microscopy after ~48 hrs. 
2.3.5. Stratified COCA cultures 
For diagrammatic representation of the following, refer to Figure 3.3. 
2.3.5.1. Original orientation 
To create the 3D COCA culture, the protocol detailed in Segrelles et al. was 
followed (Segrelles et al., 2011). Cells were first detached as described in 2.5.1. 
COCA cells were counted, and 200,000 seeded onto Millicell PCF 0.4µm inserts 
(Millipore), placed in a petri dish. Both the inserts, and the petri dish were filled with 
CnT-07 media. Cells were grown until they reach confluency across the whole 
membrane. Cells media was switched to Cnt-02-3D both inside the insert and in the 
petri dish. After ~16hrs, cell media was removed from inside the insert to begin the 
stratification process. Media outside the inserts was changed every 2 days. 
2.3.5.2. Inverted orientation 
In order to grow cells on the reverse side of the Millicell insert, a new temporary 
chamber was created. The plastic feet of the Millicell insert were removed using a 
scalpel blade. A sterile pastette bulb was cut to ~1cm (centimetre) long, and the end 
removed to leave a tube. This was carefully pulled over the bottom end of the 
Millicell insert, and further secured by wrapping the joint with Parafilm. To ensure 
media in the petri dish would reach the membrane, a low density agarose gel was 
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used to fill the chamber, and lift it from the bottom of the dish. A 1% agarose gel was 
made as described in 2.2.3., with PBS, and diluted to 0.5% with Cnt-07 media. This 
was pipetted into the insert, in excess so that a large dome of agarose formed. Once 
cooled, the protruding agarose was levelled flat using a scalpel, and the insert 
inverted, directly into media. COCA cells were plated as described for the original 
orientation.  
2.3.6. CDMs  
2.3.6.1. Growth and preparation of CDM 
Cell derived matrices (CDMs) were prepared following the protocol published in 
2017 by Kaukonen et al.  
2.3.6.1.1. Preparing coverslips 
CDMS were prepared on sterile 13mm glass coverslips, for use in the magnetised 
imaging chamber. The coverslips were prepared by incubating in 0.2% gelatin 
(Sigma-Aldrich) for 60 mins at 37oC, followed by crosslinking with 1% 
glutaraldehyde (Sigma-Aldrich) for 30 mins at room temperature. Crosslinking was 
quenched with 1M sterile glycine in PBS for 20 mins at room temperature. Finally, 
coverslips were incubated in relevant cell media for 30 mins before seeding cells 
atop. 
2.3.6.1.2. Growing cells 
NIH3T3, Sl/Sl and COCA cells were detached as described in 2.5.1. and plated at a 
density of 5x104 cells/ml on individual coverslips in a 24-well plate. Cells were left 
to reach confluency. Once confluent, cell media was changed to media supplemented 
with 50µg/ml ascorbic acid (Sigma-Aldrich). Media was changed every day. 
Cultures were grown for 10 days before denudation. 
2.3.6.1.3. Denudation 
To denude cells, cultures were first washed in PBS. Extraction buffer comprised of 
20mM NH4OH (ammonium hydroxide) and 0.5% Triton X-100 in PBS, was applied 
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for 2 mins until no cells could be identified by microscope (cell lysis is virtually 
instantaneous). Extraction buffer was partially removed, and the cultures washed 
several times with PBS containing calcium and magnesium (ThermoFisher 
Scientific). Residual DNA was digested with DNAse I (ThermoFisher Scientific), at 
10µg/ml in PBS containing calcium and magnesium for 30 mins at 37oC. CDMs 
were stored at 4oC in PBS containing calcium and magnesium, with 1% P/S and 
Fungizone (ThermoFisher Scientific) at 1µg/ml. 
2.3.6.2. Plating experimental cells on CDM 
CDMs were washed with PBS containing calcium and magnesium, and then washed 
in serum-containing medium three times. Experimental cells were detached as 
described in 2.3.1., and reseeded at the desired density. CDMs were prepared for 
imaging as described in 2.8.3.2. 
2.3.7. HD culture 
2.3.7.1. Plating 
Cells were detached as described in 2.3.1., and resuspended at a density of 3.3 x105 
cells/ml. Drops were plated on the inside of a 10cm petri dish lid with ~ 30 drops of 
30µl each (10,000 cells per drop). The dish was filled with PBS to create a humidity 
chamber. The lid was inverted smoothly and placed atop the dish. HDs were 
incubated for 5 days before use. A video demonstrating the plating of HDs is shown 
by(Foty, 2011, although note that the cell density and size of HDs are different from 
those used herein. 
2.3.7.2. Manipulation and imaging 
Drops were moved by mouth pipette. The end of glass pasteurs were smoothed by 
placing briefly in a flame, and rotated to smooth and shrink the hole slightly. The 
HDs were inverted, and then moved individually by suction. Drops were left to begin 
attaching in the media transferred with the drop by mouth pipette, for 30 mins at 
37oC. Whilst cells were incubating, matrigel was prepared (Corning). Matrigel was 
kept on ice, and mixed 1:5 with warmed cell culture media. Matrigel solution was 
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placed atop HDs to cover the bottom of the dish (100µl in a 24-well dish). Matrigel 
solution was left to set for 30 mins at 37oC, before the well was filled with media. 
Cultures were allowed to attach for at least 4 hrs before imaging. 
2.3.8. Cells for live imaging 
2.3.8.1. Vital stains 
Cells were stained for imaging experiments using vital dyes from Vybrant 
(ThermoFisher Scientific), according to the manufacturer’s instructions. Cells were 
resuspended at a density of 1x106 cells/ml in serum-free media, then incubated for 
~20 mins with 5µl of staining solution at 37oC. Cells were centrifuged at 13,000rpm 
for 3 mins, and all liquid removed. Cells were resuspended in media to wash, and 
centrifuged again. This wash step was repeated twice more. Cells were reseeded at 
the desired density, and experiments performed the following day. For nuclear 
visualisation, cells were stained with a Hoescht dye suitable for live cells (NucBlue, 
ThermoFisher Scientific) 30 mins prior to imaging. NucBlue was added at 5µl/ml 
media.  
Absorbance and emission spectra are as follows for the dyes; DiI has an absorbance 
of 549nm (nanometres) and emission at 656nm, DiO has an absorbance of 484nm 
and emission at 501nm and DiD has an absorbance of 644nm and emission at 
665nm. NucBlue has an absorbance at 360nm and emission at 460nm.  
2.3.8.2. Plating 
Cells were plated onto 24-well glass bottom dishes (Iwaki) for confocal microscopy. 
For experiments creating a edge, a sterile plastic tube was placed in a well, and 
pressed down to create a seal. Media was pipetted into the tube to check for leaks. 
50,000 cells were plated inside the ring and allowed to attach. The tube was removed 
prior to imaging.   
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2.4. RNA methods 
2.4.1. RNA isolation 
All RNA was stored at -80oC, immediately following preparation. 
2.4.1.1. Cells in culture 
Cells were detached as described in 2.3.1. Once detached, cells were centrifuged and 
trypsin EDTA solution removed. Cells were lysed in the appropriate volume of 
buffer RLT Plus (Qiagen). At this point, samples were either frozen at -80oC, or 
processed through the RNA isolation kit (RNeasy Plus micro/mini Kit (Qiagen)). 
RNA quantity and quality was analysed using a nano-spectrometer (Nanodrop, 
ThermoFisher Scientific).  
2.4.1.2. Primary cells 
RNA was prepared from primary cells that were isolated via FACS (fluorescence- 
activated cell sorting) experiments, see 2.6.3. RNA quality and quantity was analysed 
using a 2100 Bioanalyzer (Agilent Technologies). The Bioanalyzer was run by 
Agnes Gallacher of the IGMM core technical services. Briefly, 1.5µl of RNA sample 
was heated for 2 mins at 70oC. After heating, sample was placed on ice before being 
run on Bioanalyzer according to the manufacturer’s instructions.  
2.4.2. cDNA synthesis 
2.4.2.1. For general use 
cDNA (complementary DNA) was generated using the Reverse Transcription 
System (Promega) according to the manufacturer’s instructions. An equal amount of 
RNA was loaded in to the reactions (per experiment), and the volume adjusted as 
appropriate with dH2O. 
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2.4.2.2. Primary cells for RNA-sequencing 
For RNA-sequencing, cells were sorted via FACS as described in 2.6.3. Due to the 
small number of primary cells collected, a more sensitive cDNA synthesis kit was 
used. The Ovation RNA-Seq System V2 from NuGen, is specifically designed to 
amplify cDNA from total RNA from samples that have a low starting material 
(~500pg), or have suffered some degradation. 
2.4.3. Reverse transcription PCR 
Primers for rtPCR (reverse transcription PCR) were designed to span exon-exon 
junctions to distinguish between cDNA and possible gDNA (genomic DNA) 
contamination. Reactions were mixed as described in 2.2.7. 
RtPCRs were generally carried out using a ‘Touchdown’ protocol to enable several 
primers with different Tms (melting temperatures) to be run in tandem; 
Initial Denaturation         95oC  5 mins 
Denaturation 94oC 30 sec    
Annealing 68oC  (-1oC on each cycle) 30 sec    
Extension 72oC 45 sec    
�   10 cycles 
Denaturation                94oC 30 sec    
Annealing                58oC 30 sec    
Extension                72oC 45 sec    
�   25 cycles 
Final Extension         72oC  5 mins     
2.5. Protein methods 
2.5.1. Protein isolation from cells 
Cells were grown to confluence in a 6-well plate. Media was removed, and cells 
were washed in PBS. 100µl of 1X Cell Lysis Buffer (Cell Signalling Technology) 
plus 1mM PMSF (phenylmethanesulfonylflouride, ThermoFisher Scientific), plus 
protease inhibitor (1 tablet per 10ml, Roche), was added per well. This was incubated 



































































































































































































































































































































































































































































































and the contents were transferred to a centrifuge tube. Lysates were sonicated for 
3x30 secs (Bioruptor, Diagenode), then centrifuged at 14,000g (g-force) for 15 mins 
at 4oC. The supernatant was transferred to a fresh tube, and stored at -80oC.  
2.5.2. Protein separation 
Protein samples were separated by molecular weight by SDS-PAGE (sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis), using the NuPAGE Novex 
gels from Invitrogen. Equal amounts of protein for each sample, plus 1X sample 
reducing agent and 1X sample loading buffer (both Invitrogen), were heated to 72oC 
for 10 mins. Samples were loaded on to a suitable gel, dependent on expected protein 
sizes, along with Novex Sharp Protein Standard for size comparison. For detecting 
KIT protein, a 4-12% Bis-Tris gel was used, combined with MOPS SDS running 
buffer (Invitrogen). The gel was submerged in 1X running buffer, plus 1X 
antioxidant (Invitrogen), and run using the XCell Surelock Mini system at 200V 
(volts) for 60 mins.  
2.5.3. Western blotting 
2.5.3.1. Transfer  
After SDS-PAGE, the gel was removed from the case, and samples transferred onto 
nitrocellulose membranes (Hybond P, GE Healthcare) using the iBlot 2 Dry Blotting 
System (Invitrogen) according to the manufacturer’s instructions.  
2.5.3.2. Immunoblotting 
After transfer, membranes were washed in TBSt (0.05% Tween-20 in TBS (tris-
buffered saline)), then placed in blocking solution (5% dried skimmed milk powder 
(w/v)( Marvel, Premier foods) in TBSt) rocking for 1hr at room temperature. Primary 
antibodies (see Table 2.3.) were diluted as required in blocking solution. Membranes 
were then incubated in antibody mix overnight at 4oC rocking. Membranes were 
washed in TBSt 3 times for 5 mins to remove unbound primary antibody. Next, 
membranes were incubated with the relevant HRP-conjugated (horseradish 
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peroxidase) secondary antibody (see Table 2.3.) diluted in TBSt, for 1hr at room 
temperature. Finally, membranes were washed 3 times in TBSt for 5 mins each. 
2.5.3.3. Protein signal detection 
Antibody signal was detected using the SuperSignal West Pico Chemiluminescent 
Substrate kit (ThermoFisher Scientific) according to the manufacturer’s instructions. 
Protein bands were visualised and images were acquired digitally in an ImageQuant 
LAS 4000 (GE Healthcare), and analysed using ImageQuant TL software.  
2.5.3.4. Reprobing and storage  
Membranes were stripped between different primary antibodies, by incubating for 5 
mins with Restore PLUS stripping buffer (ThermoFisher Scientific) followed by 
washing in TBSt and blocking buffer. For long-term storage, membranes were dried 
between Whatmann filter papers, and stored sealed in plastic at 4oC. To re-use, 
membranes were equilibrated in transfer buffer before re-blotting using a new 
primary antibody. Membranes were re-used a maximum of 2 times before the 
western blot protocol was repeated from the beginning. 
2.6. Mouse methods 
Mouse husbandry and genotyping was performed by Margaret Keighren (Jackson 
lab, IGMM). Mice were maintained and euthanised by cervical dislocation in 
accordance with the facility’s Home Office licence. 
2.6.1. Preparation of mouse dermal cells from adults 
The back torso of the mouse was shaved, and fine hairs removed using a generic 
depilatory cream according to the manufacturer’s instructions. A patch of skin ~ 
4x3cm was removed from the back by lifting the skin with blunt-ended forceps, and 
then cutting using surgical scissors. Placing the skin epidermal side down, fat was 
removed using curved forceps to scrape the surface. The defatted skin was placed in 
































































































































































































































































































































































































































































































































































































incubated at room temperature for 30 mins. The skin was cut into small pieces, and 
incubated in digestion medium (0.2 Wünsch units/ml Liberase TL (Roche) in 
DMEM) for 1hr at 37oC, mixing occasionally. Sample was then treated with DNase 
by adding skin pieces to solution containing 0.05% DNase (ThermoFisher) and 5% 
FCS in PBS, and incubated for 5 mins at room temperature. 
2.6.2. Preparation of mouse melanoblasts from embryos 
For embryos age E13.5 and E14.5, melanoblasts were isolated by first dissecting the 
skin as demonstrated in Mort et al.2014. This method begins by dissecting the 
embryo to just the torso, and then uses a toothbrush bristle secured in a bamboo stick 
to gently sweep the skin away without damage. For embryos at E12.5, the skin is 
impossible to remove with this method. Instead, the embryo was dissected down the 
middle of the belly, and as much of the innards removed as possible with curved 
forceps. Skin samples were then transferred to a solution of 10mM EDTA (Sigma-
Aldrich) in PBS and incubated for various times according to the embryonic stage 
(45 mins at E14.5, 30 mins at E13.5, 20 mins at E12.5). Sample was centrifuged 
gently (300rpm) and liquid removed. Samples were then incubated in digestion 
medium (0.2 Wünsch U/ml Liberase DL (Roche) in DMEM) for 30 mins at 37oC, 
mixing occasionally.  
2.6.3. FACS preparation and process 
After final digestion steps outlined in 2.6.1. and 2.6.2., cells were prepared for FACS 
to obtain single cells. This was achieved by taking the sample through a needle series 
from 19G-25G, at each stage ensuring sample flowed with ease. Samples were 
passed through a 40µm cell strainer (Corning). Samples were centrifuged, and 
resuspended in appropriate volume of PBS (based on pellet size –usually 1ml) in 
FACS tubes (Corning). FACS experiments were run by Elisabeth Freyer of the 
IGMM core technical services team.  
For RNA sequencing, cells were sorted directly into 1.5ml tubes (Eppendorf) 
containing 350µl buffer RLT.  
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2.7. Histology 
Histology methods 2.7.1. and 2.7.2. refer to investigations into 3D COCA samples. 
Methods were developed in association with Allyson Ross of the IGMM core 
technical services team. 
2.7.1. Wax processing  
2.7.1.1. Sample fixing and preparation 
All media was removed from inside and outside inserts. Samples were fixed in 4% 
PFA (paraformaldehyde) (ThermoFisher Scientific) for 5 mins. Fix was applied 
outside the insert first, and then applied dropwise down the side of the inside well, to 
protect the delicate COCA layers. Fix was removed, and samples dehydrated in an 
EtOH series from 10%-70%. Samples were stored in 70% EtOH until used further.  
2.7.1.2. Wax embedding 
Samples were dehydrated further by washing 3 times in 100% EtOH. After the final 
wash, the PCF membrane was cut out of the plastic mount using a needle. Care was 
taken at every stage to ensure the cell layer faced upwards and did not physically 
touch any surface. The membrane was transferred to a glass embryo dish. Samples 
were cleared using fresh xylene. Samples were incubated at room temperature for 10 
mins in xylene a further two times. On the third xylene change, samples were 
incubated at 60oC. The samples were then immersed in molten wax (paraffin) for 3 
changes of 10 mins at 60oC. After the final change, the sample was embedded in a 
small plastic mould, allowing a thin layer of wax to set on the bottom first to ensure 
sample would not settle at the bottom. A plastic cassette was placed on top to stop 
wax shrinkage. Once set, the wax was cut and trimmed to allow cutting at right 
angles. The block was mounted on a wooden chuck.  
2.7.1.3. Cutting and mounting 
Sections were cut at 4µm on a microtome using disposable blades, and floated on a 
water bath at 50oC to stretch. Sections were mounted on Superfrost Plus slides 
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(Menzel-Gläser, ThermoFisher Scientific). Once mounted, samples were left to dry 
overnight at room temperature. Samples were sealed to the slides by baking in a 60oC 
oven for 2hrs before use.  
2.7.1.4. Wax removal and rehydration 
Wax was removed by placing slides in 3x5 min changes of xylene, followed by 
3x5min changes in 100% EtOH. To rehydrate, slides were placed in 2 mins changes 
through an EtOH series from 90%-30%, before washing in tap water. 
2.7.2. Haematoxylin and eosin staining 
Slides were stained in haematoxylin for 2 mins, then washed in tap water. Samples 
were differentiated in acid/alcohol (1%HCl (hydrochloric acid) in 70%EtOH) for a 
few seconds, before washing in tap water. Slides were blued in saturated lithium 
carbonate solution for a few seconds, and washed well in tap water. Slides were 
stained in eosin for 1.5 mins, and then rinsed in water. Finally, slides were rinsed in 
100% EtOH. To mount, slides were taken through 2 changes of 100% EtOH and 3 
changes of fresh xylene of 5 mins each. Slides were mounted in DPX (Sigma), and 
left to dry.   
2.7.3. Immunocytochemistry 
Antigen retrieval was performed by bringing slides to a near boil in citrate buffer 
(10mM citrate, 0.1% Tween-20, 1mM EDTA, pH 6.0), for 15 mins in a microwave 
oven. Slides were cooled, then washed in PBS and blocked in 10% donkey serum in 
PBS for 1hr. Slides were incubated in primary antibody diluted in TBST (TBS plus 
0.1% Triton X-100) overnight at 4oC (Table 2.3.). Slides were then washed in PBS, 
and then incubated with secondary antibodies diluted in TBST for 1hr at room 
temperature (Table 2.3.). Control slides were also prepared using only the secondary 
antibodies on a sample to ensure signal is specific to the primary antibody. Slides 
were washed in PBS. DAPI was added for 5 mins at 2µg/ml before mounting in 
ProLong gold (ThermoFisher Scientific).  
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Where immunocytochemistry was performed directly on cells, or CDMs, samples 
were fixed directly on glass surface, and antigen retrieval was not necessary. All 
other steps were performed as described, directly in the plates. To mount, ProLong 
gold was dropped onto a clear coverslip which was then placed atop the sample.   
2.8. Microscopy 
2.8.1. Light microscopy 
2.8.1.1. Fluorescence imaging 
Epifluorescent images were acquired using a Photometrics Coolsnap HQ2 CCD 
camera and a Zeiss Zeiss Axioplan II fluorescence microscope with Plan-neofluar 
objectives (Carl Zeiss, Cambridge, UK), a Mercury Halide fluorescent light source 
(Exfo Excite 120, Excelitas Technologies) and Chroma #83000 triple band pass filter 
set (Chroma Technology Corp., Rockingham, VT) with the excitation filters installed 
in a motorised filter wheel (Ludl Electronic Products, Hawthorne, NY). Image 
capture was performed using Micromanager (https://open-imaging.com/).  
2.8.1.2. Brightfield colour imaging 
Brightfield images were acquired using a Micropublisher 5MP cooled colour CCD 
camera (Qimaging, Surrey, BC, Canada) mounted on a Zeiss Axioplan II 
fluorescence microscope with Plan-neofluar or Plan Apochromat objectives (Carl 
Zeiss, Cambridge, UK). Image capture was performed using Micromanager 
(https://open-imaging.com/). 
2.8.2. Confocal microscopy 
Images were acquired on a Nikon Confocal A1R confocal microscope. The 
microscope is equipped with 405nm diode, Argon laser and 561 and 648nm laser 
lines, and four Photomultiplier tubes. Data was acquired using NIS Elements AR 
software (Nikon Instruments Europe, Netherlands). Images were scanned at various 
intervals, dependant on experiment. The Nikon A1R confocal microscope comprises 
a Nikon Eclipse TiE inverted microscope with Perfect Focus System. The scan head 
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contains both a high resolution galvano scanner and high speed resonant scanner for 
live cell imaging.  
2.8.3. Live imaging and assembly 
Live imaging was performed on the A1R confocal microscope as above. 
Environmental control of the cultured cells was maintained during imaging with an 
incubation chamber incorporating temperature and humidified CO2 control (Solent 
Scientific Ltd., Segensworth, UK). Images were captured at various rates dependent 
on experiment, typically experiments lasting longer than 6 hrs were imaged every 15 
mins, unless otherwise indicated. Live imaging was performed with cells in their 
normal media, supplemented with 25mM HEPES buffer (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (Sigma-Aldrich).  
2.8.3.1. Stratified COCA culture live imaging assembly 
Detailed assembly of the chamber for both the original and inverse orientations of the 
3D COCA culture can be seen in Figure 3.3.  
2.8.3.1.1. Original orientation 
A lumox membrane was secured to the individual black chamber using an O-ring. 
The tube of the black clip was filled with a 0.8% agarose in PBS mix and left to cool. 
The membrane was carefully cut out using a fine needle, whilst holding the edge 
with surgical forceps. The membrane was inverted, and placed cell side down, in the 
middle of the lumox membrane. It was secured in place using the black clip, and the 
whole well filled with media.  
2.8.3.1.2. Inverted orientation 
A lumox membrane was secured to the individual black chamber using a plastic O-
ring. The temporary upper chamber was removed, and the majority of the agarose 
removed. The insert was inverted and placed in the chamber, with the cells facing 
downwards at the lumox membrane. The well was filled with media.  
58 
2.8.3.2. CDM imaging assembly 
Cells were plated as described in 2.3.6.2., at least 8 hrs before experiments. 
Chambers were prepared by first coating the bottom surface of the inner chambers 
protruding ring (which holds the magnet) with silicon grease (RS pro), being careful 
to ensure the grease would not spread onto the coverslip once pressed. The CDM 
coverslip was removed from media, and the edge briefly blotted on tissue paper. The 
coverslip was placed in the outer chamber, CDM facing upwards, in the small groove 
which ensures it lies flush with the metal. Next, the inner chamber was placed atop, 
and pressed down to seal. The magnet was transferred to the inner chamber to 
complete the assembly. The well was filled with media, and incubated at 37oC for 30 
mins before imaging to check the chamber was secure. Imaging CDMs was 
performed on the A1R as described. For timelapse imaging, an automated stage 
function to escape and refocus between wells had to be added, to ensure the lens 
cleared the chamber casing sufficiently when moving. To do this, the command 
‘StgMoveZ(500,0)’ was executed after every capture.  
2.9. In Silico analysis 
2.9.1. Image analysis 
Analysis of imaging data was performed on the open source platform Fiji 
(https://imagej.net/Fiji). Custom scripts were prepared by Dr Richard Mort for 
identifying cell areas and measuring ratio of sfGFP:Cherry (super-folder green 
fluorescent protein). Cell tracking was performed using the TrackMate plugin 
(Tinevez et al., 2017). The free program ‘chemotaxis and migration tool’ from Ibidi 
was used to plot cell migration tracks (http://ibidi.com/xtproducts/en/Software-and-
Image-Analysis/Manual-Image-Analysis/Chemotaxis-and-Migration-Tool). 
2.9.2. Statistics 
Statistical analyses were performed using Microsoft Excel. The appropriate test was 
informed and executed using a statistical guide by Dytham (2011). Throughout this 
thesis, P<0.05 is considered significant. 
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Chapter 3
Assay development and 
characterisation 
This chapter will discuss the development and characterisation of the various assays 
that have been used during this project. Many of these are based on standard 
techniques that have novel modifications, in order to recycle them for specific 
experiments. The assays described in this chapter are based on a few cell lines that 
were readily available, but they would be easily applicable to other cell lines. 
Further, it is important to note that these assays were designed with an integrated 
approach in mind, and are therefore designed to be used in concert with one another. 
Thus from the ‘basic’ approaches described herein, different experimental 
combinations can produce different platforms dependent on the scientific question. 
3.1. Modelling melanoblasts and the 
surrounding environment 
The development of the assays relied on the use of six different cell lines. These are 
broadly split into the ‘environment’ cells i.e. those cells used to create the 
environment with which the pigment cells interact, and the melanoblast/melanoma 
lines (MLs) which were the experimental focus. 
3.1.1. Modelling the melanocyte external environment 
3.1.1.1. COCA cells 
To model the epidermis, COCA cells which were described by Segrelles et al. (2011) 
were used in co-culture assays. They are a line of immortalised keratinocytes, 
developed from the dorsal skin of 2 month old C57BL6/DBA mice. These cells can 
be grown in culture to a high passage number, and the authors showed that the cells 
retain the capacity to form the core components of an epidermis. In vitro, this process 
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first requires growing a confluent monolayer of cells. This monolayer is then 
supplied with a high calcium containing medium and is raised to an ALI in order to 
begin the differentiation and stratification processes. They were also able to show 
through in vivo grafting experiments, that COCA cells could reform the fully 
stratified epidermal skin layer when implanted back into immunodeficient mice. The 
main differences observed between the in vivo and in vitro experiments, was slight 
alterations in the expression pattern of keratin-10, loricrin and filaggrin in the in vitro 
culture. These proteins should all be expressed continuously in the suprabasal layers, 
however they appear patchy by immunofluorescence (IF) staining in the in vitro 
cultures. This may indicate that the keratinocytes are not fully differentiating evenly 
across the membrane, and probably reflects the culture method and conditions rather 
than a failure of the cell line. 
3.1.1.2. NIH3T3 fibroblasts 
To model the dermal environment, the standard fibroblast line NIH3T3 were cultured 
(Todaro and Green, 1963). This line has been used to produce CDMs previously 
(Chlenski et al., 2011), so offer a positive control. CDMs and their production is 
detailed in section 3.1.3. NIH3T3 cells express KIT shown by experiments using an 
AP-tag in research by Flanagan and Leder (1990). 
3.1.1.3. Sl/Sl fibroblasts 
The KitlSl mutation was discussed in Chapter 1.3. Briefly, KitlSl  mice have a large 
deletion in the region of Kitl, which causes a complete or near complete deletion of 
the protein coding region; fibroblasts isolated from this line accordingly lack 
expression of KITL (Sarvella and Russell, 1956). Later, Flanagan and Leder used the 
KitlSl fibroblast cells to prove the receptor/ligand relationship between W and Sl 
mutant mice, which had long been linked phenotypically (Flanagan and Leder, 
1990). KitSl mice are embryonic lethal, with death caused by anaemia (Flanagan and 
Leder, 1990).  
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3.1.2. Modelling melanoblasts, melanocytes and melanoma 
3.1.2.1. B16F10 melanoma cells 
The B16 mouse melanoma line was isolated in 1954 from a spontaneous tumour that 
arose in a C57/BL6 mouse (Teicher, 2011). As discussed in Chapter 1.4., subclones 
of the B16 line have different metastatic properties, with B16F10 showing high 
metastasis and invasion in vivo.  
3.1.2.2. Melb-a melanoblasts 
Melb-a cells were initially isolated and immortalised in 1995, and were the first 
melanoblast cell line to be cultured long term in vitro (Sviderskaya, Wakeling and 
Bennett, 1995). The definition of melanoblasts at this time was unclear, as the stages 
between cells exiting the NC and becoming pigmented melanocytes were not 
understood. In this study, cells of NC origins were isolated from the skin and 
melanoblasts were defined as cells which were unpigmented but could subsequently 
become pigmented. However, the population that was isolated, was comprised of two 
differing populations in relation to Tyr expression (fundamentally, at the point of 
isolation, these cells remained unpigmented). They continued to remain unpigmented 
during the expansion phase, when they were grown on a layer of XB2 keratinocyte 
feeder cells. However, when differentiated, they did produce pigment, and were then 
considered melanocytes. The authors describe how all, or nearly all, cloned melb-a 
cells contain DCT despite differences in Tyr expression. To provide some 
clarification, this paper finally defines melanoblasts as “any unipotent precursor of 
melanocytes, where melanocytes are cells that make melanin via tyrosinase”. 
Due to the culturing methods post-isolation, it is unlikely that these cells remain as 
pure melanoblasts exhibiting the same behaviours as their in vivo relatives. To label 
them melanoblasts therefore, is potentially misleading, and these cells should be 
thought of as ‘melanoblast-like’ more appropriately; this is investigated further in 
Chapter 6. 
3.1.2.3. Melb-s1 melanoblasts 
Melb-s1 melanoblasts were also isolated by Sviderskaya et al., using the same 
technique developed in the melb-a paper. This cell line however, is isolated from 
62 
mice carrying a mutation in Ednrb - Ednrbs (Sviderskaya, Easty and Bennett, 1998). 
This mouse is used to model Hirschprungs disease, which is characterised by a 
failure of the peripheral nervous system to colonise the gut in humans, leading to 
reduced innervation and thereby, digestion problems (Howard, 1972). The peripheral 
nervous system (PNS) is also derived from the NC. As well as issues with the PNS, 
Ednrbs mice lack pigmentation in their extremities and often present with a white 
belly spot. Melanoblasts isolated from these mice are reported to be morphologically 
normal but have changed behaviour in vivo, including reduced proliferation and 
invasive properties. 
3.1.2.4 Melb-m5 melanoblasts 
Melb-m5 cells are the third melanoblast cell line used herein created by Sviderskaya 
et al., from mice with a mutation at the misty locus (Sviderskaya et al., 1998). The 
misty mutation is a spontaneous mutation that arose in the 1940s, in the DBA/J 
mouse strain (Wooley, 1941). The misty locus is located on chromosome 4, and is 
historically well-known as an anchor locus used in chromosome mapping. A 
homozygous mutation in the Dock7 gene leads to mice which have a diluted/paler 
coat colour, a white belly spot and white tips of their appendages (Blasius et al., 
2009). In this mutant, data shows some problems which are attributed to late 
melanoblast development, rather than their ability to migrate and proliferate in the 
early stages. 
3.1.3. CDMs 
The biological community has long been aware of the importance of the extracellular 
environment, and that when studying cell behaviour, the individual cell is being 
influenced by a multitude of external factors. CDMs are, as the name suggests, 
ECMs produced by a cell culture in vitro. Many areas of research are increasingly 
focussing on the contribution of the environment to cell behaviour, including 
research looking at the cancer micro-environment, glial cell contribution to 
neurological disease and even in its contribution to stem cell niche maintenance and 
regulation. A detailed protocol for producing CDMs has been published recently 
(Kaukonen et al., 2017), however the protocol has been described by members of the 
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same group previously (Jacquemet et al., 2013). The CDM is produced by growing 
cells in a fully confluent monolayer over a number of days on a gelatin coated 
surface. Ascorbic acid (essentially Vitamin C), is supplied regularly to help stabilise 
the ECM that the cells produce naturally. The cells are then completely removed 
from the matrix by extraction with NH4OH, which removes all cell components but 
leaves the CDM intact. CDMs are extremely fragile, so must be treated with extreme 
care. The protocol takes ~2 weeks to grow the cultures (dependent on the cell line), 
and they have a relatively short shelf-life of 1 month, so, it is perhaps not surprising 
that they are underused in favour of their commercially available counterparts.  
Previous work has concentrated in the use of fibroblast cell lines to create CDMs. 
The reasons for this are extensive, including the fact that fibroblasts are easy to 
handle in culture, they grow quickly and are not adversely affected when confluent. 
In vivo, fibroblasts are a core component of many connective tissues, providing 
structure, ECM and biochemical support to specialised cell types (Alberts et al., 
2002). The epidermis however, is composed primarily of keratinocytes. In order to 
model the epidermal environment specifically, COCA cells were used to produce 
novel CDMs. 
Several commercial products are available, ranging from purely 3D support 
structures, to synthetic protein matrices, to culture chamber coatings. Coating cell 
culture chambers with various proteins is a popular method, the most commonly used 
substrates include collagen and fibronectin which are abundant proteins in the ECM. 
During the development of the HD migration protocols discussed later in this 
chapter, the assay was performed using matrigel. Unfortunately, matrigel introduces 
significant problems, namely that the manufacturers are unable to specify exactly 
what is contained within the matrigel, and that there is significant batch-to-batch 
variation (Hughes, Postovit and Lajoie, 2010). In all experiments, the same batch of 
low growth factor matrigel was used throughout to try and address these problems, 
but reproducibility between groups remains an issue. Further, matrigel is produced 
from mouse sarcoma tissue, and may not be appropriate to use in conjunction with 
other species. Although organically produced, the matrix produced by these 
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sarcomas is not necessarily similar in composition to the dermis or epidermis. This 
highlighted the need for a more reliable, and more specific substrate. 
3.1.4. 3D model - hanging drop cultures 
Hanging drop (HD) cultures are an excellent, easy method that are widely recognised 
as much more physiologically relevant than 2D culture methods. Two main 
advantages are that there is no interaction with an artificial surface, and it is entirely 
3D. With no artificial surface to adhere to, the cells can only interact with each other. 
It is a logical conclusion that cell behaviour on any artificial surface, such as glass 
and plastic may not be biologically representative at all. Introducing a 3D culturing 
technique eliminates the requirement for these surfaces, and may induce interesting 
behavioural changes. HDs also force cells to interact with gravity, so characteristics 
relating to spatial organisation and adhesion can be examined. 
3.2. Assays to study cell behaviour 
3.2.1. COCA cells act as an epidermal substitute 
Initial experiments were designed using the COCA cell line (Segrelles et al., 2011). 
In order to recapitulate the epidermal conditions during mid-gestation development, 
experiments were performed when the cell line had been cultured for 1 week at an 
ALI. This stage consists of a confluent monolayer that is beginning to differentiate. 
In vivo, the epidermis is a single cell layer (not including the periderm) until 
stratification begins around E15 (Sotiropoulou and Blanpain, 2012). Stratification 
occurs due to a change in cell plane division, which becomes perpendicular to the 
basal membrane (Smart, 1970). The aim was to combine this developing culture with 
the various MLs, then use timelapse imaging to observe cell behaviour patterns under 
different conditions. We hypothesised that the MLs would migrate throughout the 
culture 
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3.2.1.1. Histological analysis of COCA cell line 
To demonstrate that the 3D COCA membrane could be successfully prepared, and to 
further assess the in situ expression of epidermal markers, histological and IF 
analyses were performed. 
Figure 3.1.A. shows the COCA keratinocyte line in vitro culture at passage 32. The 
next image (Figure 3.1.B.) demonstrates the staining kit (provided with media) used 
to check that a confluent monolayer has been formed; confirming this is important as 
achieving a confluent layer is crucial to successfully differentiating the culture. H&E 
staining in Figure 3.1.C. demonstrates the 3D appearance of the culture after 1 week 
at the ALI. At this stage, the keratinocyte cells are beginning to stratify; their shape 
has become long and flat, and they are multi-layered. 
Some key markers of keratinocyte differentiation are shown by IF staining in Figure 
3.2.; Collagen VI is the core component of the basement membrane, where it 
provides an organised structure for support (Paulsson, 1992). IF staining revealed 
strong expression on the basal aspect of the COCA cell layer, but clearly underneath 
the cells themselves. The staining appears slightly blurred; this is no doubt due to the 
presence of the PCF membrane, on which the cells are grown. This confirms that the 
cells have developed a continuous basement membrane, probably incorporated 
within the PCF membrane. The presence of this structure is essential to the epidermis 
(Breitkreutz, Mirancea and Nischt, 2009; LeBleu, MacDonald and Kalluri, 2007). E-
cadherin is an essential protein in cell-cell junction formations. It is highly expressed 
in the epidermis, as the junctions between keratinocyte cells have to provide an 
impenetrable barrier to the outside environment (Alberts, Johnson and Lewis, 2002). 
K5 is a Type II keratin (basic/neutral) that is expressed in the basal keratinocytes of 
the epidermis. It partners with K14, and together these form an important marker of 
the basal cell layer in stratified epithelia. They are also one of the earliest markers of 
keratinocyte differentiation (Kurokawa et al., 2011). In the COCA culture, K5 is 
expressed continuously along the basal layer, indicating the epidermis is beginning to 
differentiate. K10 is also a marker of the suprabasal epidermal keratinocytes 
(Kurokawa et al., 2011). Higher magnification reveals that K10 is indeed expressed 
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specifically in the basal layer of keratinocytes. All four proteins examined are 
localised to the correct location, and demonstrate that epidermal differentiation is 
occurring in the 3D culture. These patterns were observed in triplicate biological 
repeats. 
3.2.1.2. RNA expression profile of COCA cell line 
To further examine the differentiation process, the transcriptional expression profile 
was assessed at various stages of the culture. This was achieved by rtPCR, and 
compared to RNA in skin samples obtained from embryonic mice and mouse pup 
skin. The skin used for comparison was not separated by cell type, so is comprised of 
not only keratinocytes, but also melanoblasts/melanocytes, so express some RNAs 
that are not expected in the COCA cells. The results are summarised in Table 3.1, 
and data can be seen in Appendix A. K1, K2, K14 and p63 were used as markers of 
the stages of epidermal development. The transcription factor p63 is the earliest 
specific marker of the keratinocyte lineage (Green, Easley and Iuchi, 2003), and is 
expressed by the COCA cells at all stages. K14 is also expressed continually through 
the stages. K2 is a marker of terminal differentiation in the upper spinous and 
granular layers of the epidermis; the COCA cultures do not express this marker, even 
after 2 weeks of differentiated growth. K1 marks keratinocyte differentiation, 
indicating cells which have lost their capacity to divide, and is accompanied by a 
downregulation of K14 in those cells. 
K1 begins to be expressed by the COCA cultures after 2 weeks at the ALI, signifying 
the development into a stratified epithelium. Like E-cadherin, P-cadherin is a cell-
cell adhesion molecule, however it is expressed specifically in basal epithelium 
(Nose and Takeichi, 1986). It shows strong RNA expression at all stages. Finally, the 
expression of the sKITL and mKITL were tested, to determine whether the COCA 
cultures could support MLs. Expression of both ligand was consistent throughout the 
stages of the culture. 
A
B
Figure 3.1. COCA cells at various stages of culture. A. COCA cells in 2D culture. Scale 
bar represents 100µm. B. Millipore PCF membranes are plated with 200,000 cells and grown 
for ~3 days. The cells are not visible by light microscopy, so the membrane is stained to 
check whether a full monolayer has formed. i. shows a membrane grown in the original 
orientation, which is fully confluent. ii. shows a membrane grown in the inverse orientation, 
where cells are not yet confluent in the middle. C. H&E staining of COCA cultures 
differentiated at an ALI for 10 days. Cells are starting to form layers, with some areas 3 cells 
























































































































































































































































































3.2.1.3. Timelapse imaging of COCA cell line in co-culture with MLs 
To analyse migration of MLs in the COCA cultures, live timelapse imaging of the 
cultures was required, and so it was necessary to devise a method of inverting the 
cells, while maintaining the growing conditions. To do this, a technique was 
developed based on the system used by Mort et al. (Mort, Hay and Jackson, 2010); 
using a lumox membrane to act as both a coverslip, and as the permeable part of the 
air-liquid surface. As demonstrated in Figure 3.3. there are two orientations possible 
with this culture. Each is suitable for live cell imaging, however the inverted 
orientation shown in Figure 3.3.A.ii. proved to be the more reliable and reproducible; 
the membrane does not have to be physically cut out of the plastic mount; avoiding 
this step bypasses complications of disturbing the cells, or losing the membrane in 
the air flow of a laminar flow hood. Also, the membrane remains fully stretched and 
flat - once cut out, it is difficult to ensure the membrane is flat and does not move, as 
the only factor holding it in place is the downwards pressure of the clip. In order to 
grow cells on the inverse orientation, firstly, a new chamber to hold the media/cells 
is created from the bulb of a sterile standard plastic pastette. Secondly, in order to 
eliminate air pockets and stabilise the mounts in the media, the bottom chamber is 
filled with a media/agarose mixture. This also allows new media to diffuse to the 
cells, in two ways - by over-filling the chamber with the agarose/media mixture, the 
structure is lifted slightly so there is space for media to enter, and also by preventing 
air bubbles forming at the membrane. 
At the epidermal stage which corresponds to the developmental stage in vivo (1 to 2 
cell layers thick: 1-week differentiation ALI), the MLs in this culture do not move. 
Vital lipophilic dyes were used to stain cells as described in Chapter 2.3.8. In Figure 
3.3.B., COCA cells are labelled blue with DiD, and melb-a cells are labelled green 
with DiO. Timelapse imaging these cultures shows that the cells still look viable and 
are ‘shuffling’ around in the culture, but there is no net migration as would be 
observed in vivo or ex vivo. This was repeated multiple times, but no migration was 
observed. An example of this can be seen in Video 3.1., which is the timelapse of the 
cells shown in Figure 3.B. 
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3.2.1.4. Pigmentation of COCA cell line in co-culture with MLs 
An interesting feature that arose following these co-culture experiments was the 
observation of pigment in the cultures after growing at the ALI for >1.5weeks. 
Figure 3.4.A.i and ii. show two examples, in photographs taken of pigmented 
cultures. In Figure 3.4.A.i., a pigmented membrane grown in the inverted orientation 
has been inverted on a lumox membrane in preparation for imaging. In Figure 
3.4.A.ii. a pigmented culture grown in the original orientation remains in the mount. 
Figure 3.4.B. shows confocal imaging from a timelapse series, with a section of cells 
around a pigmented patch magnified. In this culture, B16F10 cells are labelled red 
with DiI, while COCA cells are unlabelled. These images demonstrate that the 
pigment is not contained within the B16F10 cells. This result was consistent across 
numerous experiments. In melanogenesis, melanin is transferred to the surrounding 
keratinocytes. Attempts to conclude whether this was occurring in these samples 
histologically proved unsuccessful, as the majority of the top layer of cells became 
detached from the culture when any fix was applied. This upper layer was clearly 
visibly detached, and it proved impossible to rescue the cultures beyond this stage. 
3.2.2. CDMs 
CDMs were produced from fibroblast and keratinocyte cells in order to model the 
extracellular dermal and epidermal environments. The three lines are the commonly 
used NIH3T3 fibroblast line, fibroblasts isolated from KitlSl mice and the 
keratinocyte COCA cells. 
3.2.2.1. In situ protein expression in CDMs 
In order to assess the integrity of the CDMs and compare their composition, the 
CDMs were stained for key basement membrane and epidermal markers. Figure 3.5. 
shows the results of Van Gieson staining on each CDM. Van Gieson staining is used 
to label collagen (all types), as well as nuclei and other tissue. Collagen is very 
highly expressed in the CDM produced by all three cell lines. Staining of the COCA 
CDMs is very strong, stronger than in the other lines, indicating a high collagen 
presence in the epidermis. It is likely that a high proportion of this is composed of  
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0 hrs 20 hrs
Figure 3.3. COCA 3D culture imaging. Schematic of culture chamber assembly with cells 
at the ALI. Two orientations were tested for optimising imaging. i. The membrane is grown in 
the plastic well and media is removed from the middle to create the ALI. To assemble the 
imaging platform, the membrane is cut out, inverted, then sandwiched between the clip and 
a lumox membrane. This set-up is described in detail in Mort et al. 2014. ii. In the inverted 
orientation, a section of plastic pastette, creates a temporary chamber on the reverse side of 
the membrane. The under side is filled with an agarose/media mix to hold the casing off the 
bottom of the well to allow media to touch the agarose, and to eliminate any air pockets. For 
imaging, the plastic pastette is removed and the whole plastic structure is turned over to fit 
into an alternative imaging chamber. The plastic feet of the casing must be cut off. In both 
orientations, a lumox membrane is used to seal the chamber whilst maintaining an ALI, this 
is secured in place using a plastic O-ring. The chambers are inserted into the perpex casing 
described in Figure 3.7.A. B. Timelapse images acquired 20 hrs apart by confocal 
microscopy of COCA cells (blue) in co-culture with melb-a cells (green). There is no 
measureable movement of cells in this time (this also is observed in other ML co-cultures). 






Figure 3.4. Pigmentation of 3D COCA cultures. A. i. Photograph of a pigmented culture 
on a lumox membrane. This culture is B16F10 cells, plated in a ratio of 1:10 with COCA 
cells, and grown for 10 days at the ALI. ii. Photograph of a pigmented culture within the 
plastic casing. This culture is also B16F10 cells in a 1:10 ratio. This culture was grown for 14 
days. Scale bars represent 1cm. B. Confocal images showing B16F10 cells labelled in red 
by DiI, in co-culture with COCA cells. Black pigment is clearly visible in the transmitted light 
channel. The grainy texture covering the transmitted light channel is the PCF membrane.The 
black pigment and B16F10 cells do not colocalise, indicating that pigment has travelled 
away from the pigment producing B16F10 cells. It is possible the pigment is situated within 







collagen IV, which as discussed, is a core component of the basement membrane 
(and is demonstrated by IF in Figure 3.6.). Further, this staining also shows that the 
CDMs have been successfully removed of any nucleic matter, or any other cell 
tissue. This provides confidence that the cultures taken forward for staining, or live 
cell imaging, are indeed composed solely of the ECM expressed by the environment 
cells. It is also a quick, reliable method to check that the CDMs are intact after the 
denudation process.  
Figure 3.6.A. shows the results of IF experiments, again comparing deposition of key 
ECM proteins. The CDM protocol describes how leaving the media change to every 
other day, will increase the deposition of fibronectin in the matrix (Kaukonen et al., 
2017). Fibronectin is primarily present in the connective tissue comprised of 
fibroblasts and in the skin, fibronectin is mainly found in the dermis, and at the 
dermal-epidermal junction (Fyrand, 1980). NIH3T3 and Sl/Sl CDMs express 
fibronectin in the expected fibrillar pattern. IF experiments were performed in 
parallel with secondary antibody-only controls to ensure that the staining is genuine. 
There was no visible deposition of fibronectin in the COCA CDMs. Laminin is a 
core component of basal membranes (Aumailley and Smyth, 1998). Staining of 
NIH3T3 and Sl/Sl CDMs again follows the expected fibrillar pattern, associated with 
the collagen network. In the COCA CDM, laminin staining appears non-uniform and 
speckled. 
3.2.2.2. KITL 
KITL is essential for melanoblast survival (Yoshida et al., 1996). The soluble 
isoform, sKITL,  is glycosylated and integrated into the ECM (Morrison-Graham, 
West-Johnsrud and Weston, 1990). To determine the KITL status of the CDM 
producing cell lines, total protein was isolated and detected via western blotting. 
Figure 3.6.B. shows a western blot of protein extracted from the three environment 
cell lines, probing for KITL. KITL is predicted to have a molecular weight of around 
32kDa (kilodalton) (Reber, Da Silva and Frossard, 2006). This western blot used a 




























Figure 3.5. Van Gieson staining of CDMs produced from NIH3T3, Sl/Sl and COCA cells. 
The Van Gieson staining method marks all isoforms of collagen in red, nuclei in blue and 
other tissues in yellow. The COCA culture showed high collagen staining. All three cultures 
showed collagen staining consistent with the fibrillar structure expected. No blue or yellow 
staining shows that cells have been successfully removed from the matrix during the 
denudation process. Scale bar represents 20 μm.  
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some additional bands, this antibody successfully demonstrates the lack of KITL in 
the Sl/Sl line. 
3.2.2.3. Chamber for confocal imaging of CDMs 
In an effort to increase the throughput of CDM experiments, a new imaging chamber 
was designed and manufactured with the IGMM technical workshop. After exploring 
several routes and numerous prototypes, the final design is a small magnetised 
chamber which houses 6 individual 13mm coverslips. This allows multiple 
experiments to run at once, and makes it possible to recover the CDM coverslip post-
imaging. The chamber is based on a standard 6-well culture plate. Thus, any standard 
fit plastic lid can be used to cover the chamber for sterility, and it also fits into 
standard size confocal microscope stage inserts. The chamber schematic can be seen 
in Figure 3.7. with exact measurements. Essentially, the CDM-bearing coverslip is 
sandwiched between an inner and outer chamber, secured with a ring magnet and 
further sealed with silicon grease. A video of the equipment assembly is available in 
Video 3.2. (filmed by Craig Nicol and Len Hay). This system has proved to be 
watertight, suitable for confocal microscopy and non-damaging to the exposed part 
of the delicate CDM. This equipment is very versatile, and suitable for securing any 
thin, watertight membrane/glass/plastic etc. specimen of interest. 
In designing the chamber, there were several factors to consider. For confocal 
microscopy, the glass coverslip must sit as close to the bottom edge of the chamber 
as possible. Conversely, the metal plate at the bottom needed to be thick enough for 
the magnet to adhere strongly. Therefore, we opted to use a sloped gradient to the 
opening in the centre, providing both the strength, and shallow depth required. This 
does mean that when capturing images in a multi-point timelapse experiment, the 
microscope must have the ability to automatically escape and refocus in order the 


























Figure 3.6. IF staining of CDMs and Sl/Sl validation. A. Fibronectin and laminin staining 
is strong in both NIH3T3 and Sl/Sl CDMs, showing the expected fibrillar pattern consistent 
with ECM. Fibronectin staining on COCA CDMs appears weak. Laminin staining appears 
non-specific on COCA CDMs; when compared to NIH3T3 and Sl/Sl CMDs, there is also 
some uncharacteristic granular staining. Scale bars represent 50µm. B. Western blot of 
protein isolated from COCA, NIH3T3 and Sl/Sl fibroblasts, probing for KITL expression. 
KITL has a predicted molecular weight of ~30 kDa. The arrow indicates the missing band in 




























Outer chamber front view
































Assembled chambers front view
Assembled chambers in base top view
Figure 3.7. Schematics showing assembly of CDM imaging chamber. A. The outer 
casing is based upon a standard 6-well plate design and made from perspex. B. Outer 
chamber in which the glass coverslip sits in a small recess for stability, and to allow the 
magnet to sit flush with the base. The base of this chamber is magnetic metal, seen in the 
lower figure with the coverslip recess. C. The inner chamber houses the magnet, keeping it 
separated from the culture. D. Fully assembled equipment with culture media filling the 






3.2.3. HD cultures 
Another approach to examining cells in a more physiologically relevant 3D culture 
was to use the commonly described HD technique. HD cultures were produced from 
all 4 MLs and grown for 5 days. At this point a defined aggregate of cells can be 
seen. These cultures are then re-inverted, and plated on various surfaces to observe 
the subsequent behaviours of the cells over time. The formation and delamination 
(discussed later) of the HDs is highly reproducible, and was performed routinely. 
3.2.3.1. Optimising the culture 
Before any migration experiments were performed, it was observed that there was a 
difference in the structure of the aggregates formed between the cell lines. To 
investigate this further, the number of cells plated into the culture was optimised, to 
determine whether this would have a large impact on the structures produced. See 
Figure 3.8. for images taken of each cell line. These images are taken when the drop 
is still inverted i.e. they have not been disturbed at all for 5 days. The melanoblast 
lines melb-s1 and melb-m5 behaved in a similar manner, creating small, compact 
aggregates, throughout the series of dilutions. They begin to lose their compact shape 
when numbers plated reach ~12,000 cells. Melb-a cells are less compacted, with 
more cells appearing unattached at the border of the aggregate. The B16F10 cell line 
was most strikingly affected, with a very clear switch of non-adherence to adherence 
between 6,000-7,000 cells plated. This could be an interesting effect of the cancer 
cell line, indicating a threshold level of cells at which a tumour might start to 
develop. To maintain equality, and satisfy all four ML lines, 10,000 cells were 
routinely plated for subsequent experiments.  
3.2.3.2. Co-culturing HDs 
Attempts were made to produce HDs with the COCA cells, with the intention of co-
culturing MLs and environment populations in the same drop to observe their 
interactions, and how they would organise themselves. This proved impossible. 
Firstly, COCA cells in a HD did not form an aggregate, and instead formed a layer of 
cells along the ALI, which dissipated immediately upon inversion of the drop. This is 
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perhaps not surprising for a number of reasons; keratinocytes are, crucially, polar at 
an ALI and they form a sheet of cells in vivo rather than a mass. However, there 
should be tight junctions formed between neighbouring keratinocytes – perhaps this 
is not the case when the cells are only one layer thick. Secondly, when the co-
cultures were attempted, the MLs would no longer form an aggregate either. 
3.2.3.3. Requirement for an ECM 
Once formed, HD aggregates were handled and transferred via mouth micro-pipette. 
This technique allowed for a high amount of precision, vital for the delicate 
aggregates. Some of these aggregates were used for live time-lapse imaging studies. 
In these imaging experiments, half of the HDs were covered with a matrigel:media 
(1:5) solution, while the other half had no matrigel. Aggregates with no matrigel did 
not migrate in any of the cells lines. This was repeated several times, to ensure that 
the aggregate was not simply floating in the media as can occur, but that there was no 
migration when attached to the surface. Whether the necessity of the matrigel is 
down to the ECM proteins it provides, or the physical structure it provides for 
attachment is unclear. Later experiments combined HD cultures with CDMs, and 
these proved able to support the MLs in the same manner as the matrigel, thereby 
negating the reliance on matrigel (presented in Chapter 4.3.). 
3.2.4. 2D assays 
Studying cell behaviour in vitro is most commonly achieved using 2D assays. 
Although there is a strong focus on moving to more 3D models, these ‘simple’ assays 
are still useful in providing basic cell characteristics. 
3.2.4.1. Visualising cells in vitro 
These assays make use of the vital dyes DiI, DiO and DiD from ThermoFisher, 
which are easily incorporated into the cell, are non-toxic and last for over 72 hrs 
through multiple generations. These dyes were used in combination with NucBlue, a 



































































































































































































































































































imaged together, or can also be used to visualise a subset of cells in a dense 
population. Although only the 3 basic colours (red, green and blue) were used here, 
the dyes can be mixed to give an even wider range e.g. mixing DiI (red) and DiD 
(blue) will give purple (Gan et al., 2000). This is useful as tracking cells at high 
density can become inaccurate when the cells are moving atop one another. 
Examples of the use of these labels can be seen in Chapter 4. 
3.2.4.2. Creating a leading edge 
A commonly used 2D technique in migration experiments is the scratch assay. This 
simple assay consists of cells grown in a monolayer, then a scratch is made along the 
surface. This simulates a wound, to which the surrounding cells respond. There are 
two problems with using this technique to model NC developmental migration; 
firstly, in melanoblasts there is only a single side moving outwards, rather than two 
sides trying to re-join; cells on either side of the trunk migrate independently of one 
another, patterns are not consistent between the two sides (Huszar, Sharpe and 
Jaenisch, 1991). Secondly, a wound/scratch induces many inflammatory pathways 
e.g. cytokines being released by nearby dying cells. Therefore, creating a more
natural edge within a culture was desirable. To achieve this, cells were plated within
a silicon ring attached to the imaging surface. A neat edge of cells is created when
the ring is removed, which have not been exposed to influential factors before
beginning their migration. Examples of these cultures can be seen in Figure 4.1.
3.3. Discussion 
3.3.1. Co-culture of MLs with COCA cells proved unsuitable 
for experiments on cell behaviour 
When COCA and ML cells were cultured together and then stratified, imaging 
showed that the ML lines were not migratory. There may be at least three reasons for 
this, and perhaps all three may be contributing factors. Firstly as mentioned 
previously, in order to bring the COCA culture to the ALI to differentiate, the layer 
of cells must first be confluent. This may simply lead to there being no space for the 
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MLs to move through. In a related point, an important factor that this culture cannot 
incorporate is the expansion of the skin during development. Experiments performed 
in vivo have both a growing domain, and a gradient of cell concentration, such that at 
E14.5, there is a higher concentration of cells at the dorsal aspect than at the ventral, 
although this is not true in ex vivo cultures, which do show migration (Mort, Hay and 
Jackson, 2010). Melanoblasts migrate along this axis naturally as they exit the NC at 
the dorsal aspect in order to populate the whole trunk. Lastly, the inverted nature of 
the experimental equipment to maintain compatibility with confocal imaging, may 
lead to the delicate epidermal layers being ‘squashed’ together. In this case, any 
space that the MLs were migrating through in culture, may have been lost during 
imaging.  
The observation of pigmentation in the differentiated cultures confirmed that the 
MLs were still viable in the culture, at the stage where they were no longer moving 
(as observed by timelapse imaging). This was an interesting prospect as a system to 
study the transfer of pigment between an adult melanocyte and a neighbouring 
keratinocyte. It could also be a more simple case that the MLs were producing and 
releasing pigment that was not being taken up by keratinocytes. This is commonly 
seen in culture of these cell lines, the growth medium is often heavily pigmented 
with released melanin. Indeed, in order to prevent differentiation i.e. pigmentation of 
the melanoblast lines, these cells are maintained at low confluency. As described by 
Sviderskaya et al., the melanoblast lines are no longer considered as ‘melanoblasts’ 
once pigmentation begins, so it is also possible that the process to differentiate the 
keratinocyte culture, has the same effect on the melanoblasts. In order to determine 
whether this system could be used to study melanin transfer, further histological 
studies should be undertaken to establish where the melanin is residing. 
Although the co-culture model did not produce the imaging results that were desired, 
there were some positive outcomes. Importantly, the COCA line was found suitable 
as an epidermal mouse line for future combination with the MLs. RtPCR and IF 
studies demonstrated the expression of both sKITL and mKITL. They also showed 
clear markers of epidermal differentiation stages, supporting the use of COCA as an 
epidermal tissue substitute. 
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Ultimately however, these co-culture live imaging experiments proved unsuitable for 
our desired use and the project direction was adjusted. The rest of this thesis will 
instead concentrate on other techniques for incorporating the environmental stimuli 
using other methods.  
3.3.2. CDMs produced from dermal and epidermal cells show 
variable levels of ECM proteins  
In order to study cell behaviour in the epidermis specifically, CDM production was 
attempted from the keratinocyte line COCA. This endeavour was successful, and 
allows the opportunity to perform experiments from two angles; with fibroblast 
derived CDMs representing the dermal environment, and COCA CDMs representing 
the epidermal environment. Reasons for looking at cell behabiour on the different 
CDMs is highlighted by the differences in their compositions; keratinocyte CDMs 
were shown to be composed mainly of collagen fibres, whilst fibroblast CDMs were 
richly deposited with laminin and fibronectin. The epidermis is known to have a 
unique extracellular composition, which was highlighted by the IF staining.  
3.3.3. HD cultures resemblance to NC explant cultures 
Historically, studies into NC expansion have been performed ex vivo, where the NC 
is dissected out at ~E8.5, and then maintained in culture for a number of days (Huang 
et al., 1998). Cells of the NC migrate outwards in a characteristic pattern. When HDs 
were plated and left to migrate, they did so in a pattern strikingly similar to the ex 
vivo neural tube cultures, and this perhaps can serve as a model for NC migration in 
vitro. This will be discussed further in terms of migration in Chapter 4. In vivo, cells 
disseminate from the NC via EMT mechanisms (discussed in Chapter 1.1.2.). The 
possibility of this occurring in these HD cultures is also explored in Chapter 4 and 6.  
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Chapter 4
Dynamic behaviours of cultured cells 
At the cellular level, there are many aspects of behaviour that can be modelled to 
characterise a cell population. Tracking cell movement allows observation of several 
behaviours, including migration speed, persistence of direction and distance 
travelled. In vivo, these behaviours are carefully controlled during development to 
ensure cells populate the embryo correctly, while in cancer metastasis, the ability of a 
cell to migrate is central to the disease progression (Aman and Piotrowski, 2010). In 
melanoblast development there are several distinct stages that are of particular 
interest, including: the dissemination from the NC as the melanoblast precursors 
begin their development; the cells crossing the basement membrane at around E12.5 
to populate the epidermis; the mass migration and population expansion to colonise 
the entire embryo, and finally, the localisation of melanoblasts to the hair follicle 
(Mort, Jackson and Patton, 2015). Once in the hair follicle, the establishment of a 
stem cell pool and melanocytes in skin homeostasis are key areas of research. 
Examining characteristics of dynamic cell behaviours in vivo is difficult for a number 
of reasons, as discussed in Chapter 1.4. In essence, the ability to maintain an 
uncompromised tissue ex vivo and be able to examine the cells behaviour within the 
tissue in real-time is technically challenging. There are models which are able to 
overcome these issues, however they are not without other limitations. For example, 
the ex vivo skin culture system developed by Mort et al. is used in a short time frame 
due to the inability to separate the embryonic skin pre-E13.5 and the skin becoming 
thicker post-E14.5 which makes imaging difficult (Mort et al., 2014). Current 
methods using in vivo or ex vivo migration studies are unable to dissect some 
important factors, for example, it is not possible to examine individual cells in 
isolation, or to manipulate the population density. In vitro cell assays can be used to 
complement the current models, by quantifying some of those parameters which are 
difficult to observe, and also by providing a large volume of data that may be 
required to extract subtle behaviours. 
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To model melanoblast and melanoma (MLs) behaviour in vitro, several different 
immortalised cell lines were used, which were introduced in detail in Chapter 3.1. 
Firstly, four experimental ML cell lines were used; melb-a, melb-s1 and melb-m5 to 
model melanoblasts and B16F10 to model melanoma. Melb-a cells are a wildtype 
melanoblast cell line (Sviderskaya, Wakeling and Bennett, 1995), melb-s1 cells carry 
a mutation in the EdnrB gene (Sviderskaya, Easty and Bennett, 1998) and melb-m5 
cells are derived from mice with mutations at the misty locus (Sviderskaya et al., 
1998). The B16F10 mouse melanoma line is highly metastatic in vivo and invasive in 
vitro (Gehlsen and Hendrix, 1986). To model the extracellular environment, CDMs 
were produced from NIH3T3 fibroblasts, Sl/Sl fibroblasts and COCA keratinocytes, 
as detailed in Chapter 3. NIH3T3 fibroblasts have been used before to create CDMs, 
and were used as a positive control of technique as well as a model for the dermal 
environment (Chlenski et al., 2011). Sl/Sl fibroblasts from the KitSl mutant lack 
expression of KITL (Sarvella and Russell, 1956). COCA cells were the first 
immortalised line of mouse keratinocytes that retain the ability to differentiate in 
vitro (Segrelles et al., 2011), and are used herein to model the epidermal 
environment. Results from Chapter 3.2.2. and Figures 3.5. and 3.6. demonstrated 
different compositions in key ECM proteins of the fibroblast derived and 
keratinocyte derived CDMs, which may impact upon cell behaviour.  
The experiments developed and used in this thesis concentrate on modelling the 
migration of melanoblasts from the NC during early development. The assays were 
introduced in Chapter 3, and this chapter will continue by using those assays to 
explore the behaviour of the cell lines under various culture conditions. 
4.1. Dynamic cell behaviour in 2D 
Cells in culture are highly dynamic and exhibit several measurable behaviours. The 
focus herein is on the migratory properties of the cell lines, although these cultures 
are also suitable for examining their proliferative and morphological properties. 
2D cell migration experiments were performed to characterise basic characteristics of 
velocity and persistence. In order to visualise the cells in culture, cells were 
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synthetically labelled using the commercially available lipophilic tracers DiI, DiO 
and DiD. These tracers do not affect cell viability, and are incorporated into the 
plasma membrane where they persist through many generations (Honig and Hume, 
1986). Examples of labelled cells in culture can be seen in Figure 4.1. and in Video 
4.1. This figure also demonstrates the two cultures in which cell migration was 
compared – the standard whole field (WF) plating, and the leading edge (LE) plating 
method. To create a leading edge, cells are plated within a silicon ring, which is 
removed immediately prior to imaging. Figure 4.1.B. shows an example of an LE 
culture with melb-a cells labelled with DiI, DiO and DiD in a timelapse sequence. 
Cells move into the empty space over time as illustrated.  
Individual cells are tracked through a timelapse imaging experiment using the Fiji 
plugin ‘TrackMate’ (Tinevez et al., 2017). Four main measurements are taken from 
the cell tracking data: the velocity, the accumulated distance, the Euclidean distance 
and the persistence. The velocity is calculated as the distance moved in µm per 
minute. Accumulated distance is the total distance a cell travels during a track. The 
Euclidean distance is the distance the cell travels from the origin of the track, in a 
straight line. The persistence is a measure of how straight a cells migratory pathway 
is. It is calculated by dividing the Euclidean distance by the accumulated distance; 
the closer to 1 the persistence value, the straighter the track, while a cell moving 
more randomly will have a persistence value closer to 0. Cell migration persistence 
(or directionality) is an important factor during cell migration that is influenced by 
extrinsic migration factors such as chemoattractants and mechanical cues (Petrie, 
Doyle and Yamada, 2009). Cells and organisms vary their migratory persistence 
depending on the collective behaviour required. For example in mouse, melanoblasts 
migrate in a predominantly undirected manner when colonising the epidermis (Mort 
et al., 2016), this may have evolved as a mechanism to guarantee even pigmentation 
of the coat to avoid predation. Conversely, amoeba alternate between persistent and 
anti-persistent behaviour in the search for food as a mechanism to efficiently cover 






Figure 4.1. Vital dyes used in combination to label cells in WF and LE culture. A. Melb-a 
cells in a WF culture are labelled with DiI, DiO and DiD, and the nucleus is labelled with 
NucBlue. A single flask is split in three - each group is labelled with a different colour due, 
then all three are recombined into a single culture. NucBlue is added to the imaging media 
~30 mins before the experiment. B. Labelled melb-a cells are plated in a silicon ring to create 
the LE culture. The ring is removed immediately prior to imaging, and cells begin migrating 
into the empty space. In this timelapse, cells were followed for 40 hrs, and imaged every 30 
mins. Scale bars represent 100µm.
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In the following results, each cell type group is composed of cell tracks combined 
from a number of individual experiments, to provide technical and biological 
replicates (at least three). The number of cell tracks is indicated under each graph. 
From a single timelapse sequence, all cells which remain in the frame for at least 
50% of the sequence were considered for tracking. This ensured that enough 
measurements were obtained for a track to accurately represent the velocity and 
persistence. The mean values were compared between replicates before pooling to 
ensure similarity, and a normal distribution was confirmed. 
4.1.1. ML cells exhibit four main patterns of migratory 
pathway 
To begin characterising the migratory patterns of the ML lines, cells were plated in 
WF cultures and timelapse imaging was performed. Tracking data shows that 
migration behaviours of the ML cell lines in culture is heterogeneous in terms of the 
patterns of pathway followed. Within a single culture, four main patterns of 
trajectory were identified, and are presented in Figure 4.2. These trajectories were all 
isolated from a single melb-s1 WF culture, but are identifiable in all ML lines, and 
also in both WF and LE cultures. The first is a ‘stop-start’ behaviour (Figure 4.2.A.), 
where cells have periods of high migration followed by periods of low migration. 
These cells accumulate most of their travelled distance in short bursts. The second 
behaviour (Figure 4.2.B.) is highly migratory, in which cells migrate a long distance 
(accumulated) but do not venture far from their original location, so have a low 
persistence. The third behaviour includes cells which migrate extensively throughout 
the track (Figure 4.2.C.). These cells travel furthest from their origin, and 
consequently have a higher persistence. Finally, are cells which are migrating very 
little (Figure 4.1.D.). Cells in this category are still highly dynamic with changing 
shape, but do not move away from their origin. 
A further observation in the LE cultures, is the emergence of single highly migratory 
cells from the rest of the population, in the manner of the ‘third behaviour’ described 
above. These cells exhibit what might be considered ‘exploratory’ behaviour by 
emerging first and furthest into the space. If the LE cultures are allowed to migrate  
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Figure 4.2. Cell trajectories vary within cultures as demonstrated by individual cell 
tracks in a melb-s1 WF culture. Four individual cell trajectories are represented, showing 
some typical migratory patterns of cells within a single melb-s1 culture. Cells were imaged 
every 30 mins, over a 30 hr timelapse experiment. All cells begin migration at point (0,0), 
and the green spot represents the final cell position. A. Cell 1 has sections at the start, 
middle and end of the track where the cell stops and moves around a single location for 
multiple frames, before migrating in the same direction again. B. Cell 2 migrates the fastest, 
and accumulates a large distance, but does not move far from its origin. C. Cell 3 migrates 
steadily away from its origin, and has the most persistent migration path. D. Cell 4 has both 
a small accumulated and Euclidean distance, and migrates very little from its origin.  
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for longer, the remaining population will reach the same distance, and those early 
migrating cells reintegrate with the rest of the population. Video 4.2. shows a 
timelapse sequence of B16F10 cells migrating in the LE culture, with cell nuclei 
marked by NucBlue and the migratory tracks overlaid, with 3 cells in the lead 
exhibiting this behaviour. The tracks are coloured on a ‘heat’ scale of blue to red 
based on relative mean migration velocity – the red tracks of the cells that emerge 
first are migrating the fastest, while those cells still in the main population have blue 
tracks indicative of slower velocity. Although these cells are seen in all four cell 
lines, they are not seen in every experiment. 
4.1.2. Plating cells in leading edge cultures causes the 
population to preferentially spread into the space 
To measure collective cell migration in the ML cell lines, cultures were prepared in 
the LE culture method as described above. It is hypothesised that in cultures with no 
external migration influences, a cell population would spread evenly in all directions. 
Figure 4.3. shows the population spread of all four ML cell lines in WF and LE 
cultures. All cell tracks are plotted from the origin (0,0), with green dots representing 
the final cell position, and the red lines representing x=0 and y=0. In WF cultures, 
cells show isotropic spreading; the population spreads evenly in both axes, indicating 
no bias towards any particular direction as expected. Contrarily, it is shown in LE 
culture that cells will migrate into the empty space. To measure this as a spread in the 
population, and determine if spreading occurs preferentially in the direction of the 
empty space, the same analysis was performed. Cell population spread in LE culture 
shows a positive shift on the y-axis, meaning more tracks are migrating in that 
direction. As the images used in this analysis are oriented so the cells are negative in 
y to the edge (i.e. cells begin at the bottom of the image and migrate upwards), it is 
shown that the cells are migrating into the empty space preferentially. This effect is 
particularly obvious in the presented B16F10 and melb-m5 cultures, although it does 
occur in all four cell lines. Migration to left and right still occurs evenly. This shows 
local anisotropic spreading as expected, however, this only applies to this field of 





















Figure 4.3. Cell population spatial spread in WF and LE cultures. The left panels show 
cells which are migrating in a WF culture, and in the right panels are cells migrating in the LE 
culture. Tracks originate at (0,0), and the final cell position is represented by a green dot. 
The red lines represent the x=0 and y=0 axes. Experiments are oriented so the empty space 
is above the migrating culture in each image - forward movement into the space is thereby 
positive on the y axis. Cells in WF culture migrate evenly in both x and y, with some cells 
migrating further than others, and many finishing tracks close to the origin. In the LE 
cultures, there is a general spread of the populations into the empty space as shown by a 
positive shift on the y axis. The populations remain evenly distributed in x. 
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of cells, spreading may be isotropic again as cells migrate into the empty space in all 
directions equally.  
4.1.3. Cell lines migrate slower than melanoblasts in vivo 
To examine the velocity of cell migration, cells in culture were tracked through 
timelapse imaging experiments. Melanoblasts migrate at ~0.5 µm/min during 
development, as calculated by ex vivo skin cultures (Mort, Hay and Jackson, 2010). 
In these cultures, the melanoblast cells and B16F10 cells migrate slower than in vivo 
melanoblasts on average. 
The migration velocity of cells in WF and LE culture are shown in box and whisker 
plots in Figure 4.4.A. The mean velocities of each cell line is also listed for 
comparison. A one-way analysis of variance test (ANOVA) was performed to 
investigate whether there were differences between the groups; do individual cell 
lines change velocity between WF and LE culture, and are there differences between 
the cell lines in WF and LE cultures (separately)? We hypothesised that cells in LE 
culture would migrate faster than cells in WF culture, due to an increase in cell 
diffusion into a lower area of cell concentration. We further hypothesised that the 
melb-a cells would migrate fastest, as they are closest to wildtype cells, with the 
B16F10 melanoma cells at around the same speed. We expected the melb-s1 cells to 
be the slowest, as the mutation in this line leads to known behavioural changes. 
Finally, we hypothesised that the melb-m5 cell line, which results in reduced 
pigmentation, would have similar behaviour to the melb-a wildtype cells. 
One-way ANOVA showed significant differences between the groups; both between 
the cell lines and between the culture methods. To determine which groups were 
significantly different, pairwise t-tests were performed between each combination 
and corrected for multiple testing using the Bonferroni method. Significant 
differences are discussed further. 
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4.1.3.1. B16F10 and melb-s1 cells have different migration speeds when 
cultured by LE 
B16F10 cells in LE culture showed a significant decrease (P = 0.0425) in migration 
velocity when compared to cells in WF culture (0.257 (n=202) and 0.229 µm/min 
(n=141) respectively). Melb-s1 cells showed a significant increase in migration speed 
(P = 4.715 x 10-10); in WF culture, cells migrated with a speed of 0.323 µm/min and 
in LE culture this increased to 0.402 µm/min. Melb-a cells migrated with speeds of 
0.437 and 0.405 µm/min in the WF and LE cultures, which showed no significant 
difference. Similarly, melb-m5 cells showed no significant difference with cells in 
WF migrating at 0.256 µm/min and cells in LE migrating at 0.282 µm/min.  
4.1.3.2. Melb-a and melb-s1 cells migrate faster than B16F10 or melb-m5 
cells 
Comparisons between the different cell lines revealed significant differences in 
migration velocity. Overall, melb-a and melb-s1 cells migrated faster than B16F10 
and melb-m5 cells in both culture methods. B16F10 and melb-m5 cells migrate at a 
similar speed in WF culture (0.257 and 0.256 µm/min), but melb-m5s migrate 
significantly faster than B16F10s in LE culture (0.229 and 0.282 µm/min, P = 
0.0008). Melb-a cells migrate significantly faster than melb-s1 cells in WF culture 
(0.437 and 0.323 µm/min, P = 6.085 x 10-13), but the difference is not significant 
when compared in LE culture (0.405 and 0.402, P = 0.809). 
4.1.4. Culturing B16F10 and melb-m5 cells in WF culture vs. 
LE culture changes cell persistence 
In the LE cultures, cells move out into the empty space, but whether the cells are 
actively migrating in this direction is unknown. There may be a baseline level of 
persistence that cannot be observed in a WF culture as they are limited spatially by 
the presence of other cells. However, we hypothesised that the difference in culture 
methods should have no effect on the persistence of the cell lines, as in vivo cells 
diffuse randomly (Mort et al., 2016). This culture method may also be interesting to 
observe cell behaviour at the leading edge, in contrast to cells in the main population. 
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As discussed, cell persistence is the measure of how direct a cell’s track is between 
the start and end point; cells migrating randomly will have a very indirect path 
between the start and end points, whilst cells migrating towards something will have 
a more direct path. The results of this experiment are shown in Figure 4.4.B.i. and ii. 
The same statistical tests were applied to compare both intra- and inter-cell line; a 1-
way ANOVA was performed followed by pairwise testing if a significant P-value 
was obtained. 
The 1-way ANOVA revealed a significant difference between the culture methods in 
B16F10 and melb-m5 cells, and also a difference between the persistence of cell 
lines in LE culture. There was no significant differences in the persistence between 
cell lines in WF culture. B16F10 and melb-m5 cells shows a significant increase in 
persistence when cultured in LE. B16F10 cells increased from a persistence of 0.251 
to 0.375 (P = 2.506 x 10-10). Melb-m5 cells increased from a persistence of 0.211 to 
0.337 (P = 1.502 x 10-6). Melb-a and melb-s1 cells show no change in persistence 
between the culture methods as hypothesised, and accordingly, the increase in 
persistence in B16F10 and melb-m5s creates a significant difference between the 
groups when all cell lines are compared in LE culture. In LE culture, B16F10 cells 
migrate more persistently (0.375) than melb-a cells (0.278, P = 3.334 x 10-15) and 
melb-s1 (0.226, P = 1.363 x 10-14). Melb-m5 cells also migrate more persistently 
than melb-s1 cells (0.226, P = 1.725 x 10-5). There was a slight significant difference 
between the persistence of B16F10 and melb-m5 cells (P = 0.0134). 
4.1.5. Treatment with exogenous sKITL changes cell 
dynamics  
KIT/KITL signalling is essential during melanoblast development for survival, 
migration and proliferation (Yoshida et al., 1996), as discussed in Chapter 1.3. The 
KIT receptor is expressed on the cell surface of migrating melanoblasts, while KITL 
is found in the surrounding environment (Hirobe, 2005). KIT signalling is observed 
during different stages of melanoblast development, including during delamination 
from the NC (Wehrle-Haller and Weston, 1995) and later on in localisation to the 
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Figure 4.4. Cell migration velocity and persistence in WF and LE cultures. A. i. Cell 
track velocities are measured in µm/min. For each cell line, the left box is cells in WF culture, 
and the right box is cells in LE culture. Significant differences between the groups are 
discussed in the text. The number of tracks analysed in each case is indicated below the 
plot. All cell lines exhibit a wide range of velocities, with melb-a and melb-s1 cells moving the 
fastest. ii. The mean average velocity of each cell line in the two culture methods. All cells 
migrate in the range of 0.22-0.44 µm/min. B.i. The persistence of cell tracks was measured 
for each condition. It indicates how direct a cells path is along its migration route. Movement 
in a straight line is calculated as 1, and complete random movement is calculated as 0. 
B16F10 and melb-m5 cells show an increase in persistence between the WF and LE culture. 
Significant differences are discussed in the text. ii. The mean average persistence of cell 
tracks in each culture.  
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affect migration, proliferation and survival in other cells lines, such as mast cells and 
haematopoietic precursor cells (Meininger et al., 1992; Okumura et al., 1996).  
In melanoblast development, there has been no evidence of a chemotaxis gradient 
involving KITL, although it has chemokinetic properties demonstrated by increased 
melanoblast localisation to hair follicles with the addition of exogenous sKITL 
(Jordan and Jackson, 2000a). The ML cell lines were assayed in a WF culture with a 
concentration series of exogenous sKITL, to determine if there were any changes to 
their migration profiles. Over 150 individual cell tracks were included for analysis in 
each sample group, excepting melb-m5 cells treated with 50ng/ml sKITL (n=114). 
We hypothesised that increasing concentrations of sKITL would increase both 
velocity and persistence in culture. 
4.1.5.1. Melb-a and melb-m5 cells migrate faster in the presence of high 
concentrations of sKITL 
Exogenous sKITL was added to fresh medium and supplied to the cell culture 
immediately before imaging. The melanoblast cell lines are grown in sKITL 
containing medium at 20ng/ml from initial isolation (Sviderskaya et al., 1998; 
Sviderskaya, Easty and Bennett, 1998; Sviderskaya, Wakeling and Bennett, 1995), 
while B16F10 cells are not. Figure 4.5.A. shows the result of cell tracking in 
different concentrations of sKITL. A 1 way ANOVA was performed on each cell 
group to determine whether the changes in migration were significant, then pairwise 
comparisons were performed where appropriate with Bonferroni correction for 
multiple testing. ANOVA testing showed significant differences in migration in all 
cell lines at different concentrations of sKITL. 
B16F10 cells shows a slight increase in migration rate at 50ng/ml (0.384µm/min) 
which was significantly faster than at 0, 20 and 100ng/ml (P = 0.0083, P = 0.0006, P 
= 8.76 x 10-7). Melb-a cells show a general trend of increase in velocity in line with 
the increase in sKITL concentration. There was no significant difference between 
0ng, 20ng or 50ng, but at 100ng/ml, melb-a cells migrated significantly faster in all 
comparisons (0-100ng P = 9.56 x 10-40, 20-100ng P = 6.7 x 10-32, 50-100ng P = 9.0 x 
10-46). 0.607µm/min was the fastest migration observed in these migration
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experiments. Melb-s1 cell migration was significantly higher between 0ng/ml and 
20ng/ml (P = 0.0012). No other significant changes were seen. Similar to melb-a 
cells, melb-m5 cells showed a significant increase in migration velocity at 100ng/ml 
sKITL (0-100ng P = 8.07 x 10-24, 20-100ng P = 1.33 x 10-26, 50-100ng P = 2.102 x 
10-21). Migration velocity increased to 0.351µm/min from ~0.25µm/min at the lower
concentrations.
4.1.5.2. Increasing sKITL concentrations has a variable effect on cell 
persistence 
Increasing levels of sKITL had no significant effect on the cell migration persistence 
of B16F10 cells. There were significant effects in all 3 melanoblast lines, however no 
obvious trend is apparent. Figure 4.5.B. shows the cell persistence values. Melb-a 
cell migration persistence increased significantly with the increase in concentration 
until 50ng/ml (0-20ng P = 0.001, 0-50ng P = 3.55 x 10-8, 20-50ng P = 0.006), but at 
100ng/ml, the persistence fell slightly (not significant). Melb-s1 cells showed a 
higher persistence at 20ng/ml compared to 0 and 100ng/ml (0-20ng P = 0.041, 20-
100ng P = 4.26 x 10-5). Melb-m5 cells had the lowest persistence at 20ng/ml, and the 
highest persistence at 100ng/ml, which was significantly different (P = 8.9 x 10-5). 
4.2. HD cultures as a model for EMT 
In Chapter 3.2., it was described how the HD aggregates became interesting as a 
model after it was observed that cells migrating from the drop did so visually in a 
manner that was strikingly reminiscent of cells exiting the NC in explant cultures 
(Huang et al., 1998). EMT is the process cells must undergo to leave the NC, and is 
characterised by the cadherin switch, along with the expression of typical markers 
including Snai1 and Snai2 (Theveneau and Mayor, 2012; Wheelock et al., 2008). 
The process is integral to allowing cells to dispel their connections to their 
neighbouring cells and migrate away from the NC (Theveneau and Mayor, 2012). 
Equally, it may be assumed that the opposite action of taking cells from culture and 
into the HD would cause a mesenchymal-epithelial transition. The formation of the 
HD aggregates was discussed in Chapter 3.2., in particular related to the requirement 
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Figure 4.5. The effect of exogenous sKITL on the velocity and persistence of cells in 
culture. Cells were supplied with fresh culture media immediately before imaging, 
containing increasing concentrations of sKITL as shown. Cells migrating in a WF culture 
were tracked, and the values for velocity and persistence were measured. Error bars show 
the 95% confidence interval. A. The migration velocities of the cell lines are shown with each 
treatment. Melb-a cells show a general increase in migration velocity with increasing sKITL 
concentration, with a large increase at 100ng/ml. Melb-m5 cells also showed an increase in 
velocity at 100ng/ml of sKITL. B16F10 and melb-s1 cells showed small differences in 
velocity, although there was no clear trend of increasing or decreasing velocity correlated to 
the change in concentration. Significant differences between the groups are discussed in the 
text. B. The persistence of cell migration was calculated as a ratio between the accumulated 
and Euclidean distance. Changes in persistence were seen in the melanoblast cell lines 
between treatment groups, however there was no general trend of increase or decrease 
correlated to the change in concentration. Significant differences are discussed in the text. 
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of a threshold number of cells (Figure 3.8.). In further investigations of this culture 
method, two main interests were followed. Firstly, what are the characteristics of the 
HD aggregate when plated? Secondly, has EMT occurred in the cells which have 
migrated from the aggregate? 
4.2.1. Melanoblast cells migrate sooner than melanoma cells 
When plated on a surface, cells from the aggregate migrate away after notably 
different time periods. Figure 4.6. shows a HD example from each cell line, 
immediately after plating and at the end of the experiment 67 hrs later. The right 
hand column indicates the approximate time after plating at which cells begin to 
migrate. Images were taken 30 mins apart, leaving room for an ~30 min margin of 
error for this timing. Melb-a and melb-s1 cells migrate from the HD shortly after the 
beginning of imaging, ~ 6 and 7 hrs after plating respectively. Melb-m5 cells take 
around 13 hrs to migrate from the HD aggregate. B16F10 cells take much longer to 
emerge, around 34 hrs post-plating. This timing is variable by some hrs between 
different experiments, however cells were never seen emerging before ~24 hrs. 
Melb-a and melb-s1 cells consistently migrate very early in the experiment. Videos 
of the migrating HDs shown in Figure 4.6., can be seen in Video 4.3. (B16F10), 
Video 4.4. (melb-a) and Video 4.5. (melb-s1). Video 4.6. shows melb-m5 cells 
migrating in a shorter sequence (22.5 hrs). In this video, two aggregates are shown, 
with cells migrating out of the aggregate after varying times; cells emerge from the 
aggregate on the right after ~13 hrs, while on the left cell emerge after ~19 hrs 
demonstrating heterogeneity. All of the cultures have been plated with matrigel in a 
1:10 ratio with culture media as described in Chapter 2.3.7. 
4.2.2. Cells migrating from the drop are mainly unpigmented 
Images in Figure 4.6. and 4.7.B. demonstrate that the HDs of all lines are pigmented, 
while the majority of the cell cells migrating away from the aggregate are not. 
Indeed, one of the key features that identifies the aggregate forming is the pigmented 
mass which can be seen by eye. This suggests that the population within the drop is 
heterogeneous, with different migration vs. pigmentation properties. In the adult 
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mouse tail skin, pigmented melanocytes reside in the interfollicular epidermis. A 
population of amelanotic melanocytes were recently also identified within this space, 
which were distinct from other MSCs in the hair follicles (Glover et al., 2015). The 
emergence of non-pigmented cells from the pigmented HD presents an interesting 
model in this regard, as a mixture of pigmented and non-pigmented cells has been 
achieved in the same model which exhibit different behaviours. 
4.2.3. Cadherin switching of HDs 
In the classic EMT model, migratory cells downregulate expression of Cdh1 (E-
cadherin) and upregulate the mesenchymal Cdh2 (N-cadherin) (Maeda, Johnson and 
Wheelock, 2005). To investigate the characteristic cadherin switch which defines 
classic EMT, IF experiments were performed on cultures which were fixed between 
24-48 hrs after plating. This window was chosen to allow the observation of both
migrating cells and cells still in the HDs in the same experiment. Images were
acquired with a z-stack to account for the different focal planes in which these
populations sit, allowing images to be obtained from both the migrated cells and cells
still in the aggregate. The immunostaining proved inconclusive, so other methods
including qPCR would be suggested to improve the understanding of EMT in the HD
model. The imaging results from these staining are shown in Appendix C. Negative
controls were performed with secondary antibody staining only, all of which show no
staining.
4.3. CDMs as environmental substrate models 
CDMs were created in an attempt to model the changing extracellular environment 
of the migrating melanoblasts. NIH3T3 and Sl/Sl fibroblasts were developed to 
model early migration in the dermis, and the keratinocyte line COCA was developed 
to model migration in the epidermis. Sl/Sl fibroblasts derived from the KitSl mutant 
which have no expression of KITL (confirmed by western blotting, Figure 3.6.), 
were used to produce CDMs to investigate the effects of tethered KITL on cell 
migration behaviours. The assembly and culture of CDMs was discussed in Chapter 
























Figure 4.6. Cells in the HD emerge from the aggregate at different times. The panel 
shows HDs plated on glass with matrigel, imaged every 30 mins for 67 hrs. Images on the 
left show the aggregate at the first time point, ~ 4 hrs after plating. Images on the right show 
the aggregate at the end of imaging, ~ 67 hrs after plating. The final column shows the 
approximate time that individual cells are identifiable as they emerge from the aggregate. 
There is some variation of this between experiments. B16F10 cells took notably longer than 
the melanoblast cell lines. Melb-a cells emerge the soonest, with melb-s1 cells emerging not 
long after. Melb-m5 cells take around double the time of the others to emerge. Scale bars 
represent 100µm. 
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environmental components including collagen. 
4.3.1. CDM in live-imaging 
To integrate the CDMs into the confocal imaging platform, a specialised chamber 
was designed and engineered in the IGMM workshop in collaboration with Len Hay 
(Figure 3.7.). This chamber allows a CDM grown on a coverslip to form the base of 
an imaging well, onto which experimental cells can be plated. Three CDMs were 
produced from different lines to model both the dermal and epidermal environment; 
NIH3T3 cells model the dermis, while COCA cell model the epidermis. Images from 
preliminary timelapse imaging experiments are shown in Figure 4.7. B16F10, melb-a 
and melb-s1 cells were labelled with DiI and plated at low-mid confluence on the 
CDMs. In Figure 4.7.A.ii., B16F10 cells are shown plated on a COCA CDM, whose 
integrity can be confirmed by brightfield. These cultures proved unsuitable for 
migration experiments, and require further refinement to the methodology in relation 
to the culture conditions in the microscope chamber. Observations from these early 
experiments however, indicate that the cells are highly dynamic on the CDMs, 
particularly in changing morphologies; cells appear to have lots of branching 
structures extending outwards from the cell body. Interaction with the CDM can also 
be observed in the brightfield channel; where migration was observed, cells appear to 
‘pull’ the matrix with them in the direction of migration, before releasing and 
migrating onwards.  
4.3.2. HDs can migrate on CDMs without matrigel 
The HD experiments have relied heavily on the use of matrigel to allow cell 
migration, as described in Chapter 3.2.3.3. See Video 4.7. for an example of the 
failure of cells to migrate in the absence of matrigel; a melb-a HD is plated into a 
glass well, and imaged every 30 mins over a 21 hr timelapse sequence. In order to 
remove the requirement for matrigel in these experiments, HD aggregates were 
plated onto CDMs. HD aggregates were plated and the cultures were left for 72 hrs 
to allow for cell migration to occur, before fixation. Figure 4.7.B. shows a melb-a 
HD which has been plated on a COCA CDM. DAPI staining of the nucleus shows  
Figure 4.7. Culturing cell lines on CDMs. A.i. B16F10, melb-a and melb-s1 cells were 
labelled with DiI and plated onto CDMs from the three environment lines - NIH3T3, Sl/Sl and 
COCA. ii. A closer view of B16F10 cells on a COCA CDM show that the CDM is intact in the 
brightfield channel. B. A melb-a HD has migrated on a COCA CDM; migrated cells fill the field 
of view, confirming that cells can successfully migrate on a CDM without matrigel. Cells in the 



















that cells have migrated to fill the whole view. The cell confluence makes it 
impossible to identify the CDM underneath, however all cultures were checked for 
integrity of the matrix before use. 
4.4. Discussion 
In this Chapter, assays to study cell behaviour were used to investigate the migration 
of melanoblast and melanoma cells in vitro. 
4.4.1. Cell migration is heterogeneous within a cultured cell 
population 
The measured levels of migration velocity and persistence in the cell lines exhibited 
a large variation within a culture. This is demonstrated by extracting individual cell 
tracks in Figure 4.2. For example, the migration velocity differences between the cell 
in B. and D. is striking, and suggests populations of cells within the cultures which 
have become distinct, in terms of their migration profiles. The continued culture of 
cell lines has potential to lead to clonal expansion of sub-populations with distinct 
characteristics. This is also true within the LE cultures, where cells identified as 
‘exploratory’ were identified which migrated furthest and fastest out into the empty 
space. Whether these cells are genuinely different, and present a sub-population of 
highly migratory cells is unknown. It is possible that being close to the edge is a 
favourable position which induces this behaviour through signals including 
mechanical cues or contact inhibition of locomotion. 
4.4.1.1. The effect of sKITL on cultured cell migration is heterogeneous 
The process of cell migration is well researched at both the individual, and collective 
cell level. The mechanical action of cell migration is also well understood, and 
involves complicated spatial and temporal organisation of cytoskeletal components. 
Cell migration is broadly split into intrinsic actions, or due to extrinsic factors such 
as chemoattractants, electric fields and mechanical cues (Petrie, Doyle and Yamada, 
2009). In other cell models, the influence of KIT signalling on migration is well 
understood as discussed previously (Meininger et al., 1992), and would be described 
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as an extrinsic factor. The significant impact KIT signalling has on migration in 
melanoblasts is known at several distinct stages. However, the mechanism of action, 
and the mechanism of how the different isoforms of KITL contribute toward survival 
and migration separately is not elucidated. 
Increasing the concentration of sKITL in the culture media on the different cell lines 
produced varied responses. Given the critical role that KIT signalling plays in 
melanoblast biology, more consistent trends shared between the melanoblast lines 
may have been expected. These lines are maintained in sKITL containing medium, 
which should maintain their dependence on KIT/KITL signalling. Of the four cell 
lines, melb-a showed the greatest response to the change in sKITL. This may reflect 
the level of KIT receptor expression in the different lines. As the wildtype line, it is 
encouraging that this line maintains responsiveness after many generations in culture. 
At the highest concentrations of sKITL, melb-a migration velocity was significantly 
increased, while persistence was unaffected, while at the lowest concentration, the 
migratory persistence in these cells was significantly lower, while velocity was 
unaffected. These contrasting behaviours at the extremes of sKITL concentration 
indicate multiple functions of sKITL in the migratory behaviour. It is possible that 
the behaviours accredited to KIT signalling are based on a gradient model. Models of 
signalling cascades which confer different cell properties based on their expression 
levels are known. Indeed, MITF, the master regulator of melanocyte biology is 
thought to act in a ‘rheostat’ model, with different behaviours attributed to high and 
low expression (Strub et al., 2011). It is possible that a greater effect would be 
observed in combination with the LE culture. 
4.4.2. Migration behaviours can be influenced by population 
density in vitro 
The main interesting differences are those observed between the WF and LE culture 
method within a cell line. Clearly, there is a response from the cell population as 
demonstrated by the migration of cells into the area preferentially, however melb-a 
and melb-s1 cells both showed only very moderate changes in either cell migration 
velocity or persistence. B16F10 and melb-m5 cells showed a noticeable and 
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significant increase in track persistence when cultured in the LE, however, the 
analysis cannot say that the increase in persistence is specifically in the direction of 
the empty space. There is still migration in the x axis, and some away from the edge. 
This method may be able to expose intrinsic differences between the cell lines that 
are not observable in the WF culture. This is especially true of the B16F10 
melanoma line, which is described as highly metastatic and invasive (Fidler and 
Nicolson, 1976; Gehlsen and Hendrix, 1986). The exploratory cells which emerge 
from the LE culture could represent a metastatic sub-population that is only 
observable when cells are presented with environments of extreme difference in cell 
population density to either side. In the LE culture, this would be the population of 
cells within the ring, and the empty space, while in cancer it may be representative of 
the tumour mass, and the adjoining tissue/blood vessel to which the metastatic cell 
migrates.  
On the other hand, cells within these culture may not exhibit their true migratory 
properties or reach their full migration potential due to differences in culture 
densities. At high densities, cell movement may be impaired, and different local 
densities may cause migration between areas, so unseen factors that are external to 
the field of view may be present. Density was controlled only in so far as the number 
of cells seeded within a well, however this is not a guarantee that cells will attach 
uniformly across the surface. A method of creating a cell gradient across a well was 
trialled however, it was not very effective. In the LE cultures, cells often attached in 
clumps at the silicon ring, creating a ‘wall’ of cells that was unsuitable for 
experimentation.  
4.4.3. HD assays in isolation 
The HD assay has been shown to be visually similar to that of a neural tube explant. 
However, an important difference between the in vitro assays and melanoblast cell 
migration in vivo, is the number of cells. As discussed previously, only ~ 98 
melanoblast fated cells are specified from the NC during development (Luciani et al., 
2011). In the HD cultures, 10,000 melanoblast/melanoma cells are plated per 
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aggregate. Collective cell migration behaviours are undoubtedly different in 
populations with such a large difference in number. 
Immunostaining of HD and migrated cells investigating the cadherin-switch proved 
inconclusive across the cell lines. Within the HD, N-cadherin failed to stain the 
centre, although this is also true of DAPI. Whether the lack of staining is attributable 
to a genuine lack of expression by those cells deep within the aggregate, or poor 
penetration by the antibody is unknown. Sectioning the HDs and performing IF at 
this point prior to migration would be advantageous to ascertain the cadherin 
composition in the middle. E-cadherin stained the cell aggregates effectively, 
however some expression was still observed in the migrating cells. Expression of 
cadherin proteins is well documented, and typically appears as bright staining at cell-
cell adhesions as would be expected. This pattern was not seen in these experiments, 
even at higher magnification, casting doubt on the success of the immunostaining 
protocol. Again, a sectioned layer of a HD may provide a more suitable substrate, for 
imaging deep inside the aggregate.  
The possibility of EMT occurring is explored further in Chapter 6 using RNA 
sequencing. 
4.4.4. Future directions 
4.4.4.1. Tracking migration in HD migratory cells 
It was demonstrated that cells in the HD could migrate outwards from the aggregate 
in the presence of either matrigel or a CDM. Whether the substrates are necessary 
due to growth factors, or structural ECM components is unknown, although a 
combination of both has been shown to be important in mammary epithelial cells 
(Roskelley and Bissell, 1995). There are numerous studies reporting different cell 
morphologies and behaviours when cultured in 2D vs. 3D environments. One such 
study by Cukierman et al. examined the effect on human fibroblast behaviour of 3D 
matrices derived from either tissue or cells compared with mechanically compressed 
3D tissue/cell matrices, 3D collagen gel lattices and 2D ECM component coated 
surfaces. The 3D tissue/cell derived matrices were significantly more effective at 
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facilitating cell-cell adhesion, and behaviourally cells showed increased migration 
velocities and proliferation rates (Cukierman et al., 2001). These differences further 
highlight the importance of both the 3D structure and the ECM proteins. A similar 
approach could be followed to ascertain the contribution of the 3D structure vs. the 
ECM proteins herein, using mechanically flattened CDMs or collagen coated 
surfaces for comparison. To continue this work, performing cell tracking on the 
migrating cells would be advantageous, and to include these in a comparison with 2D 
cells in WF and LE cultures. Achieving this would require some modifications to the 
timelapse sequences shown here. Firstly, the incorporation of the lipophilic labels 
and/or NucBlue to the HD would help follow single cells through the time lapse 
series; this could be further aided by only colouring a small percentage of the 
original cells. It is not known however, if the dyes would still effectively label cells 
after 5 days in the HD and then through the 3 day imaging required. Second, the 
imaging frequency would need to be to be increased to allow accurate migration 
tracking. To capture all four cell lines migrating for a sufficient length of time, 
images were only captured every 30 mins. This leaves a large time frame for 
migration events to be missed; between two adjacent time points, the distance the 
cell moves is a straight line, and it is only by adding all these straight lines between 
time points that a track is established. So in these cells, which have been shown to 
migrate with low persistence, a 30 min unrecorded time period could include lots of 
migration. Not acquiring this data could lead to skewed measurements of both 
velocity and persistence. 
4.4.4.2. Integrating CDMs 
Culturing cells in combination with CDMs has great potential to incorporate a 
physiologically relevant substrate that could model different times of melanoblast 
development. Preliminary imaging experiments show that CDMs are able to replace 
the use of matrigel in the HD experiments. However, to undertake migration studies 
on CDMs, there remain some technical obstacles to overcome. In order to keep cells 
alive during cell migration experiments, a heated chamber was placed around the 
microscope. Coupled with repeated laser exposure, media from the wells evaporated 
quickly. This is compounded by the small well that is created in order to house the 
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magnet fastening, which allows only room for ~1ml of media. The initial solution 
was to simply place another glass coverslip over the top of the well, however this 
proved ineffective, probably due to the lack of CO2 dissolving into the media, 
despite the humidification of the chamber. Replacing media during the timelapse is 
impractical; moving the culture plate will invariably change the imaging position, 
and adding media directly into the wells is potentially hazardous if spills happen on 
the equipment. A potential solution could be securing the top of each well with a gas-
permeable lumox membrane (commercially available).  
It must be noted that although potentially highly useful, the production of CDMs is 
technically difficult and labour intensive. The cultures take ~2 weeks to grow 
(dependent on cell line), and following the exact methodology did not consistently 
produce intact CDMs. Once a satisfactory product is obtained, CDMs are extremely 
delicate - care must be taken to not aspirate liquid too close and pipetting must be 
gentle, and directed to the side. When combining with the other assays described 
here, only the standard WF culture is straightforward. The mouth micro-pipetting 
method used to transfer HDs allows fine control of the aggregate, however, 
placement is controlled by hand and there is a high chance of accidentally touching 
the CDM coverslip when gently dispelling the aggregate. Indeed, in non-CDM HD 
cultures, touching the surface while gently dispelling through the mouth pipette is the 
best way to ensure the aggregate attaches to the surface and remains whole. No 
method was developed to combine the CDM with the LE culture, which would be of 
significant scientific interest. Examining the diffusion profiles of melanoblasts on 
dermal vs. epidermal CDMs could yield interesting differences. 
4.4.4.3. Mathematical modelling 
Many of the differences observed both inter- and intra- cell lines in the migration 
experiments reached statistically significant levels, however the impact on the cell 
biology must be considered carefully. For example, melb-a cells migration speed 
increased from 0.323 to 0.397µm/min between the WF and LE cultures – is this a 
biologically relevant increase that has any impact? A powerful tool to aid in 
answering questions of biological relevance lies in the integration of in silico 
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mathematical modelling. Many of these small changes in migration velocity and 
persistence are mainly useful when input into mathematical modelling, to examine 
outcomes with varied parameters. In a 2D model of cell migration, cell migration 
was examined using parameters obtained by ex vivo imaging of melanoblasts (Mort 
et al., 2016). By changing values of cell migration and cell proliferation, it was 
shown that chimeric patterns of coat pigmentation could be achieved using a single 
diffusion based model. Further, the same diffusion model could be applied to 
parameters taken from KitWv melanoblasts, and a failure to completely colonise the 
ventral area was observed, simulating the creation of a belly spot. It was further 
shown that in melanoblast migration, the rates of cell proliferation had the greatest 
effect on the final pigmentation outcome, over migration velocity. In the diffusion 
based model, a higher rate of proliferation drives diffusion of cells to colonise the 
entire area. The LE cultures described here provide an excellent model to simulate a 
similar effect in vitro. In particular, the melb-a and melb-s1 cells which showed very 
little change in migration velocity or persistence between WF and LE culture, 
demonstrate that migration into the empty space is due to another factor. Given the 
findings from the diffusion model, it is assumed that the cells are diffusing into the 
empty space passively, whilst continuing their normal migratory behaviours.  
The power of the modelling in these experiments is undeniable – slight changes to 
cell behaviours including migration, proliferation and persistence can be computed to 




Interactions of KIT/KITL 
The biochemical and signalling properties of KIT and KITL have been discussed 
previously (Chapter 1.3.). Briefly, KITL binds KIT as a dimer pair, inducing KIT 
receptors to form a dimer pair in turn, which is the activated form of the receptor 
(Lemmon et al., 1997). The cascade of downstream signalling is complex, involving 
the MAPK and PI3K pathways among others (Vosseller et al., 1997; Whitmarsh, 
2007). This signalling is vital in melanoblast development for both survival and 
migration (Wehrle-Haller and Weston, 1995), but is usually studied in the 
haematopoetic and gamete cells. Despite a wealth of knowledge on KIT and KITL 
interactions at the mechanistic and biochemical level, there is relatively little known 
about how the signalling actually contributes to survival and migration behaviours.   
Fluorescently tagged forms of Kit and both major isoforms of KitL were stably 
introduced into NIH3T3 fibroblast cells using the Flp-In system. This chapter will 
concentrate on examining those cells lines. Two tags were introduced per protein: the 
first is either NeonGreen (KITL) or Cherry (KIT), and the second is a fluorescent 
timer tag which can be used to observe protein kinetics. NeonGreen is reported to be 
the brightest green protein currently available (Bajar et al., 2016; Shaner et al., 
2013). As NeonGreen and Cherry can be separated spectrally, they are suitable for 
co-culture studies. 
The design of the KITL fluorescent proteins was based on previously described 
constructs from the research group of Professor Bernard Wehrle-Haller (Paulhe et al., 
2009; Wehrle-Haller and Imhof, 2001), who also kindly provided the Kit_Cherry 
construct for this project. Using sequences obtained from this group, new fluorescent 
markers were incorporated, and the entire constructs were cloned into the Flp-In 
vectors for transfection into a stable NIH3T3 host cell line. In the KITL constructs, 
fluorophores are inserted between exon 5-6, as the tail region of Kitl contains an 
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essential targeting sequence which directs the protein to the basolateral surface of the 
expressing cell (Wehrle-Haller and Imhof, 2001). The design of the timer tag 
proteins were based on a system designed by Khmelinskii et al (2012); it is 
composed of the KIT or KITL protein, fused to sfGFP and Cherry so that all three 
are transcribed as a single protein. See Figure 5.1. for a schematic of the relevant 
constructs. SfGFP and Cherry mature at different rates, so the amount of 
fluorescence in each channel directly relates to the rate of protein production. Newly 
synthesised protein will be marked in green (sfGFP), as it matures and fluoresces 
very quickly once transcribed. Older protein will be marked in red (Cherry), as it 
takes longer to mature - so fluorescence of Cherry is delayed by comparison. The 
ratio of fluorescence between the two colours can eventually be used to estimate the 
turnover rate of the protein of interest. See Figure 5.1.C. for a schematic from 
Khmelinskii et al. illustrating the behaviour of the timer tag proteins. 
5.1. Generation of fluorescent cell lines 
5.1.1. Genetic manipulation techniques 
The Flp-In system from Thermo-Fisher Scientific is a standard technique for the 
insertion of genetic material into a mammalian genome, using their unique FRT/Flp 
recombinase application. An FRT site is integrated into the genome of interest 
randomly or targeted by homologous recombination. This integration is selected, and 
the line is checked for single integration events. Modifications can be made in the 
gene of interest, within an expression plasmid that contains another FRT site. When 
this plasmid is transfected into the base cell line with the POG44 plasmid (which 
produces Flp-recombinase), the FRT sites ‘flip’ and the expression plasmid is 
inserted into the genome at this site. This method ensures that modifications are 
made in the same locus consistently and that only a single integration occurs – both 
of which provide much needed consistency. An original aim of this project was to 
create new Flp-In compatible cell lines with the COCA line and the MLs, for the 
purpose of introducing KIT/KITL constructs respectively. This was attempted both 
by homologous recombination and by the CRISPR-Cas9 system. 
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The CRISPR-Cas9 system was introduced in 2013 by the Zhang group, and has 
quickly become the new standard in genetic manipulation (Ran et al., 2013b). Using 
an innate defence system isolated from bacterial cells, the enzyme makes double 
stranded breaks at a specified point, determined by a guide RNA. This break can be 
repaired by one of two ways – either non-homologous end-joining (NHEJ), or, if a 
repair template is also introduced, by homology directed repair (HDR). The aim was 
to introduce the Flp-In FRT site into the ROSA26 locus. Unfortunately both of these 
methods proved unsuccessful in creating new host lines. In the CRISPR-Cas9 
system, it is known that inserting DNA into cells in culture is difficult as 
recombination with the repair template by HDR appears to be very low efficiency 
(Ran et al., 2013a; Rong et al., 2014). It is probable that in both cases, the large size 
of the CAG/FRT fragment that was to be inserted contributed to the difficulties 
experienced. We continued the project using an already established clonal NIH3T3 
Flp-In cell line, which has a non-targeted FRT site integration, and had been used 
successfully in the laboratory previously. 
5.1.2. Tandem fluorescent timer proteins 
Fluorescent timer proteins have been described in the past with only limited 
effectiveness, despite their huge potential to study protein kinetics (Terskikh et al., 
2000). In the original methods, the fluorescent protein used would be one which 
changed colour over time e.g. from red to green. The major problem with this 
method was that these proteins were highly likely to dimerise, thereby impacting on 
the behaviour of the protein of interest (Khmelinskii et al., 2012). A modern method 
which was devised to counter this issue was followed herein. As described, these tags 
work under the principal that different fluorescent proteins have different maturation 
rates. Instead of using a single protein that changes colour, there are two entirely 
different fluorescent proteins which are well-separated on the emission spectrum. 
These proteins are both fused with the protein of interest, and the observation is the 
younger protein of interest marked with the faster maturing fluorescent protein, and 
the older protein marked by the slower. A model combination was used in the paper, 
with sfGFP for the fast folding protein, and Cherry for the slow folding protein. 
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SfGFP matures and fluoresces within mins of first synthesis (Pédelacq et al., 2006), 
whilst Cherry matures at ~40 mins (Merzlyak et al., 2007).  
5.1.3. Vector generation 
5.1.3.1. Modifications to Flp-In  
A modification was made to the commercially available pcDNA5/FRT vector to 
improve protein expression. The CMV promoter was replaced with a CAG promoter. 
CAG is a stronger promoter, and does not become silenced over time (Miyazaki et 
al., 1989). 
PcDNA5/FRT was linearised with NheI and MfeI, removing the CMV promoter. A 
polylinker was inserted, designed to destroy the MfeI site, whilst inserting a MCS 
(multiple cloning site). CAG was excised from a suitable laboratory plasmid 
(pCAG_FUCCI) using SalI (blunt end) and EcoRI. PcDNA5/FRT+polylinker was 
linearised with StuI (blunt end) and MfeI (complimentary ends to EcoRI) which had 
been included in the MCS. These fragments were cleaned, ligated and transformed as 
described in the Methods. 
5.1.3.2. KIT/KITL cloning 
To study the interactions of KIT and KITL, a number of different fluorescent 
constructs were cloned. These constructs were designed to both visualise the activity 
of the proteins individually, and also to view their interactions with one another. The 
fluorophores mNeonGreen, sfGFP/Cherry and sKITL/mKITL were synthesised by 
GeneArt and manufactured to specification, with the correct restriction sites 
surrounding the sequences. The overall construct structures can be seen in Figure 5.1. 
In each plasmid, the gene of interest (GOI) portion is replaced with either KIT or 
sKITL or mKITL fused to the fluorescent protein sequence. The combination of 
plasmids generated in shown in Figure 5.1 B. Each plasmid required several cloning 
steps, which were confirmed at each stage by restriction digest. Additional checks by 
sequencing the plasmids was not performed, and confirmation of the success was 
determined by the evidence of fluorescence after transfection. As described, the 
fluorescent tag is located at the 3’ end of KIT, but in KITL constructs, the fluorophore 
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is located between exons 5-6 (Wehrle-Haller and Imhof, 2001). Vector maps are 
shown in Appendix B. 
The cloning steps to create the vectors are described herein; 
A plasmid containing Kit (cKit_Cherry_pcDNA3) was kindly provided by Prof B. 
Wehrle-Haller (University of Geneva). Kit was excised from this plasmid, and 
inserted into the pcDNA5/FRT_CAG plasmid along with fluorescent tags. 
CKit_Cherry_pcDNA3 was linearised with EcoRI and XhoI, and a polylinker was 
inserted to create a new MCS. NeonGreen and sfGFP/Cherry fluorophores were 
excised from their GeneArt plasmids using MluI and BssHII. 
CKit_Cherry_pcDNA3+polylinker was cut with MluI, and the fluorophores were 
ligated. Finally, cKit_Cherry_pcDNA3+fluoro and pcDNA5/FRT_CAG were cut 
with HindIII and XhoI. These fragments were ligated to create 
pcDNA5/FRT_KIT_sfGFP/Cherry, and pcDNA5/FRT_KIT_mNeonGreen. In order 
to visualise KIT and KITL together in vitro, another plasmid was created by excising 
the original cKit_cherry sequence and inserting this into pcDNA5/FRT. The cloning 
steps were the same as above, without ligating in a new fluorophore. The final 
plasmid was named pcDNA5/FRT_KIT_Cherry.  
PcDNA5/FRT_CAG and m/sKITL GeneArt plasmids were digested using NheI and 
KpnI. These fragments were ligated together to create pcDNA5/FRT_mKITL and 
pcDNA5/FRT_sKITL. Next, the fluorophores were excised from their GeneArt 
plasmids using MluI and BssHII. PcDNA5/FRT_sKITL and pcDNA5/FRT_mKITL 
were digested with MluI, and the fluorophores were ligated. 
5.1.3.3. Cell line generation 
Co-transfection of the POG44 plasmid and Flp-In fluorescent vector, using 
lipofectamine, successfully generated all of the required combinations, and cell 
viability using this method was very good. All constructs show bright, consistent 
expression that is easily trackable by imaging. The combinations of cell lines are 
shown in Table 5.1., along with the abbreviated names that will be used to refer to 
















Figure 5.1. Integration of fluorescent constructs. A. The Flp-In host cell line contains a 
stably integrated FRT site. The GOI is cloned into the recombination plasmid alongside 
another FRT site. Transfection of the recombination plasmid with the Flp-recombinase 
expressing plasmid POG44, induced integration of the GOI into the genome. B. Combination 
of the GOI and fluorescent proteins produced in this thesis. Different combinations allow KIT 
and KITL to be imaged in co-culture experiments. C. Behavior of a tandem fusion of mCherry 
(black, red) and sfGFP (gray, green) with the maturation rate constants (m1, m2). 
Fluorescence intensity curves are normalized to the brightness of sfGFP. Ratios are 
normalized to the maximum in each plot. Taken from Khmelinskii et al. 2012. 
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Table 5.1. Description of fluorescent constructs in NIH3T3 cells.  
Name of cell line Description Fluorophore 
KIT_TD KIT receptor fused to timer tag sfGFP and Cherry 
KIT_C KIT receptor fused to Cherry Cherry 
sKITL_TD Soluble KIT ligand fused to timer tag sfGFP and Cherry 
sKITL_NG Soluble KIT ligand fused to 
NeonGreen 
NeonGreen 
mKITL_TD Membrane KIT ligand fused to timer 
tag 
sfGFP and Cherry 
mKITL_NG Membrane KIT ligand fused to 
NeonGreen 
NeonGreen 
5.2. Fluorescent construct localisation 
5.2.1. sKITL 
5.2.1.1. sKITL is enriched at the cell membrane and in the perinuclear 
region 
The sKITL_TD line shows strong ubiquitous localisation across the whole cell, with 
occasional enrichment at the cell membrane. Enrichment along the cell membrane 
appears to be linked to cell morphology – cells observed with cell membrane 
associated localisation appear to be elongated, with no protrusions, although not all 
cells with this morphology exhibit this localisation. This is demonstrated in Figure 
5.2.A. where two cells in the panel show this characteristic pattern. The other cell in 
this panel is wider and has an irregular shape in comparison, and does not show 
specific green fluorescence surrounding the cell. Figure 5.2.B. shows a time-lapse 
series of the same cells, with each image taken 2 mins apart.  
Very bright signal is detected in the green channel at various points along the cell 
membrane, in a changing pattern that is unpredictable between frames. This dynamic 
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green fluorescence occurs at the distal tips of cells, and indicates the appearance of 
new protein at these sites. Signal in the red channel is mainly localised to the 
perinuclear region, although there is some localisation throughout the cytoplasm. 
Figure 5.2.C. shows the single colour construct sKITL_NG. sKITL_NG localisation 
generally resembles that of sKITL_TD, although the perinuclear compartment is 
much less dominant. There is still bright localisation in the region, but the area is 
much smaller.  
5.2.1.2. sKITL_NG is localised to attachment filaments 
In sKITL_NG cells, there is strong localisation in fibrillar structures protruding from 
the cell body. Firstly, in the retraction fibres that appear during mitosis to tether the 
rounded cell to the surface (Lancaster and Baum, 2011). Figure 5.2.D. and Video 5.1. 
show two examples of this. Figure 5.2.D. shows a time-lapse series of a cell 
undergoing mitosis, with images captured every 5 mins. At the beginning, the mitotic 
cell resembles others in the culture, with strong green sKITL localisation throughout. 
In the following frames, the cell rounds up as it prepares to divide. Long projections, 
thought to be the retraction fibres, marked by green fluorescence extend from the 
cell, to the area it has just vacated. Video 5.1. shows another mitotic cell with the 
retraction fibres surrounding the rounded cell, identified in the yellow circle. These 
structures were observed consistently in mitotic cells. Secondly, sKITL_NG marks 
fibrillar structures in non-mitotic cells. These structures resemble filopodia, are 
highly dynamic and often appear connecting two cells for multiple frames. Examples 
of this can also be seen in many of the cells in Video 5.1. 
5.2.2. mKITL 
5.2.2.1. mKITL is enriched at the cell membrane and in the perinuclear 
region 
mKITL localisation varied between the two constructs (Figure 5.3.). mKITL_TD is 
localised throughout the cell, and appears enriched at the cell membrane. The older 
A sfGFPCherryMerge
Figure 5.2. Localisation of sKITL constructs A. sKITL_TD shows localisation across the 
whole cell. SfGFP shows some enrichment at the membrane (in cells indicated by stars), and 
at distal tips. Cherry localises mainly to the perinuclear region. B. White arrows indicate new 
protein in a series of timelapse images of the same cells (L-R), taken 2 mins apart. 
Localisation of young protein in sfGFP is dynamic and transient at the end of protruding tips. 
This pattern is not seen in the red channel. C. sKITL_NG cells in culture. Bright fluorescence 
of green is seen throughout the cell, with enhancement at distal tips in a similar manner to 
sKITL_TD. The perinuclear compartment appears much smaller. The nucleus is stained with 
NucBlue. D. In a timelapse series of sKITL_NG culture (L-R), a mitotic cell is attached to the 
glass surface by fibrillar protrusions, which are marked in green. The red arrow indicates the 
cell which is about to divide, and the white arrow shows the sKITL marked protrusions. These 
protrusions retract with the cell over the next frames as it rounds up, then divides. Scale 








protein, marked by Cherry, is concentrated in the perinuclear region. mKITL_NG 
localisation is very limited in comparison. It also marks the perinuclear region and 
the immediate cytoplasm, but does not effectively mark any dynamic cell extensions 
past the main cell body. Adjusting the microscope settings does reveal localisation 
further towards the membrane, but at weak levels that are unsuitable for imaging in 
comparison to the rest of the cell. The localisation pattern of the older, red 
mKITL_TD protein and mKITL_NG are comparable. As in the sKITL constructs, 
localisation around the nucleus is characteristic and suggests that the older 
mKITL_TD may be being targeted to this area. Similar localisation by mKITL_NG 
could indicate that a large amount of the protein is being sequestered before it can 
reach the membrane.  
5.2.2.2. mKITL is localised to in filopodia and attachment filaments 
mKITL_TD is localised in cellular protrusions at the front of the cell, which are 
presumed to be filopodia although this was not successfully determined (Figure 
5.3.C.). The structures can be seen in variable numbers, protruding out of the cell 
membrane in multiple cells. Often they appear to connect to neighbouring cells and 
remain in contact through multiple time frames. In a similar manner to sKITL, 
mKITL is also localised in filaments appearing out of the rear of the cell. Figure 5.3. 
demonstrates these structures, which are clearly marked by green fluorescence, and 
are extremely dynamic. This also demonstrated in Video 5.2., which follows the 
same cells for a few frames. 
5.2.3. KIT  
5.2.3.1. KIT is localised throughout the cell 
KIT_TD is localised throughout the cell, although the appearance of the two colours 
is quite different (Figure 5.4.A). SfGFP is seen throughout the cytoplasm, and is 
sometimes enriched at the cell membrane. Cherry has a speckled appearance, and 
similarly to other timer tag constructs, it mainly appears near the nucleus. However, 
the area it covers appears larger and extends further into the cytoplasm than the 








Figure 5.3. Localisation of mKITL constructs; fluorescence localisation patterns vary 
between mKITL_NG and mKITL_TD. A. Whole field images of each cell line, plated at the 
same density. As the constructs differ only in the fluorophore, we expect the same 
localisation within the cell. B. Higher magnification shows mKITL_TD is localised throughout 
the cell. SfGFP is enriched at the membrane, while Cherry is dominant around the nucleus. 
Numerous small protrusions from the membrane are marked by mKITL_TD. In the merged 
panel, white arrows indicate the area of protrusions to the rear of the cell, yellow arrows 
indicate protrusions to the front of the cell, and the red arrows indicate the direction of cell 
movement. C. A magnified view of mKITL_NG cells shows protein is localised primarly in the 
perinuclear area and in the immediate cytoplasm, but does not effectively label the cell 
membrane. Some cells show very little expression of the fluorophore, as can be seen in the 
two cells in the top right quadrant. All scale bars represent 50μm.  
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suggests that the older protein is being targeted inwards as it ages. KIT_C 
localisation broadly matches the localisation patterns of both green and red protein in 
KIT_TD (Figure 5.4.C). Red fluorescence is observed throughout the cytoplasm in 
low amounts, and appears enriched and speckled in the perinuclear region.     
5.2.3.2. KIT shows transient localisation at distal tips of cell protrusions 
Occasionally in KIT_TD cells, bright green fluorescence is observed at the tips of 
protrusions from the cell body, or at the tips of elongated cells (Figure 5.4.B.). This 
localisation is dynamic between time frames. It has been suggested that upon 
detection of KITL in the environment, KIT receptors cluster in the area to maximise 
signalling (Tabone-Eglinger et al., 2014); this bright localisation of green could 
indicate a clustering of KIT receptors. This is not a mixed culture, but the fluorescent 
KIT receptors may be reacting to endogenous KITL protein. The location on the tips 
of extending structures could be significant; KIT may also be associated with 
structural cytoskeletal components. 
5.3. KIT/KITL kinetics 
To ascertain the turnover of sKITL, mKITL and KIT, tandem fluorescent protein 
timers using sfGFP and Cherry were developed. SfGFP matures quickly, while 
Cherry matures more slowly. In a pool of proteins, newly synthesised molecules are 
green after synthesis, then gradually gain red fluorescence as the protein matures. 
The ratio of green to red is, therefore, an indicator of the relative age of the protein 
pool, and can be used to estimate turnover rates (Khmelinskii et al., 2012). 
5.3.1. Validation of tandem fluorescent protein timers 
5.3.1.1. Cycloheximide treatment blocks new protein production 
To validate the timer tag constructs, and show that the fluorescence is related to the 
age of the protein pool, protein production was blocked using the transcriptional 
inhibitor cycloheximide (CHX) (Schneider-Poetsch et al., 2010). We hypothesised 
that this would lead to an older protein pool i.e. increased Cherry fluorescence  
Figure 5.4. Localisation of KIT constructs. A. KIT_TD is localised throughout the cell. 
SfGFP can be seen in the cytoplasm to the edges of the cell, and is occasionally enriched at 
the membrane. Cherry has a speckled appearance, and is enriched near the nucleus. B. In 
KIT_TD cells, bright green fluorescence is sometimes observed at the ends of cell 
protrusions. This is seen in several cells in this image; white arrows indicate bright sfGFP 
signal. C. KIT_C localisation resembles KIT_TD, with fluorescence throughout the cell. There 
is some localisation to the membrane, but the brightest fluorescence is in the perinuclear 







and a higher ratio. These imaging experiments were performed by Stephanie Wright, 
under the supervision of Dr Richard Mort at the University of Lancaster. mKITL_TD 
cells were treated with various concentrations of CHX, and the ratio between sfGFP 
and Cherry was measured as described. Results from these experiments are shown in 
Figure 5.5. The ratiometric images and the graph show that the age of the protein 
pool has been shifted with the addition of CHX. This shift is shown to be significant 
by 1-way ANOVA (P = 3.5 x 10-20), and pairwise t-tests were used to assess 
differences between the groups.  
There was a significant increase in the age of the protein pool between all cells 
treated with CHX and the negative control cells in the cytoplasmic compartment; 
0µM-2µM P = 1.642 x 10-6, 0µM-5µM P = 2.416 x 10-8, 0µM-10µM P = 2.363 x 10-
12. This was accompanied by a significant increase in the ratio between the untreated 
cells and all the CHX treated cells in the perinuclear region; 0µM-2µM P = 9.179 x 
10-5, 0µM-5µM P = 1.039 x 10-5, 0µM-10µM P = 1.257 x 10-8. Increasing the 
concentration of CHX elicited no significant effect on the age of the protein pool 
after 2µM.
5.3.1.2. Treatment with exogenous sKITL increases turnover of KIT_TD 
Experiments with the KIT_TD cells further confirms the validation of the timer tags 
as described above. Treating KIT_TD cells with exogenous sKITL was performed, 
with the hypothesis that an increase in ligand availability would increase the rate of 
receptor turnover. These imaging experiments were also performed by Stephanie 
Wright, under the supervision of Dr Richard Mort at the University of Lancaster. 
KIT_TD cells were treated with a low concentration of exogenous sKITL for 24 hrs 
before imaging, then the ratio between sfGFP and Cherry was measured as 
described. Results from these experiments are shown in Figure 5.6. 
The addition of sKITL induces a significant shift in the ratio of fluorescence. In both 
the cytoplasm and perinuclear regions, there is a significantly reduced ratio, 
indicating more green/less red fluorescence; cytoplasm P = 0.0028, perinuclear P = 



































Figure 5.5. mKITL_TD production can be blocked by CHX treatment. A. The ratiometric 
images panel shows mKITL_TD cells treated with increasing concentrations of CHX. From 
left to right the panels show; the original source image, followed by the source image 
separated into the green and red channels. The fluorescence intensity of each channel is 
calculated and displayed as a ratio in the next panel - this is the image on which 
fluorescence intensity measurements are made. Next, and LUT (look up table) is applied, 
which colours the image based on the fluorescence intensity. This is mulitplied by the GFP 
channel to create the final GFP-weighted image. The GFP-weighted image shows that there 
is a shift in the ratio towards red throughout the cell, indicating an older protein pool. Scale 
bars show 50µm. B. Quantification from the ratiometric images shows the ratio between 
sfGFP:Cherry in the cytoplasmic and perinuclear regions. There is an increase in 
fluorescence in both compartments with the addition of CHX. Significant differences are 











































Figure 5.6. KIT_TD protein turnover increases with addition of exogenous sKITL. A. 
The ratiometric imaging data from cells treated with 10ng/ml sKITL vs. a negative control. 
The panels are as described in Figure 5.5. The GFP weighted image shows that there is a 
shift in the ratio towards green throughout the cell when treated with sKITL, indicating a 
younger protein pool. Scale bars show 50µm. B. The fluorescence ratio was measured in 
the cytoplasm and perinuclear region. There is a significant decrease in the relative age of 
the KIT_TD protein pool in the presence of sKITL as demonstrated by a lower ratio in both 
compartments. Although the perinuclear region still has the higher ratio in cells treated with 
10ng/ml sKITL, it is no longer significantly higher compared to the cytoplasmic region (P = 
0.127). Error bars show the 95% confidence interval. 
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turned over faster to in response to abundant ligand. 
5.3.2. Ratios of sfGFPCherry vary across the cell in all 
constructs 
In all three protein fusions, the ratio of green/red varied across the cell, 
demonstrating that the proteins move extensively within the cell over their lifetime. 
This has been alluded to when discussing localisation of the proteins, and now a 
more thorough analysis follows. Refer to Figure 5.7. for a full comparison of the 
ratios between compartments, and cell lines. The ratio is given as an integer, where 0 
represents fully green, and the higher the number, the more red is present, resulting 
in a yellow colour on a composite image. Figure 5.7.B. shows the ratiometric 
analysis performed to obtain the measurements. A 1-way ANOVA was performed to 
assess whether any significant differences existed between the groups, then pair-wise 
t-tests were performed as appropriate. ANOVA testing showed that there were
significant differences in compartment localisation in all three timer tag cell lines
(KIT_TD P = 4 x 10-12, sKITL_TD P = 5.6 x 10-14, mKITL_TD P = 4 x 10-18).
In all three lines, the youngest protein is dominant in the cytoplasmic compartment 
as shown by the small ratios; KIT_TD = 0.383, sKITL_TD = 0.299, mKITL_TD = 
0.344. The cytoplasm and cell membrane were considered as one unit in the analysis, 
as much higher resolution imaging would be required to discriminate between the 
two. 
The pool of protein residing in the perinuclear region is significantly older in 
comparison, in each construct, as demonstrated by the higher ratio; KIT_TD = 0.717 
(P = 3.372 x 10-9), sKITL_TD = 0.547 (P = 2.755 x 10-13), mKITL_TD = 0.735 (P = 
6.654 x 10-13). The whole cell ratio lies roughly in the middle of values for 
cytoplasmic and perinuclear regions. Where possible, the ratio should therefore be 
measured separately in the different compartments. 
In comparisons between the cell lines, the sKITL_TD protein has the lowest ratio in 











































Figure 5.7. The ratio of green to red in tandem fluorescent protein timers is used to 
estimate the relative age of the protein pool. A. Graph shows the ratios of sfGFP:Cherry 
protein in the cellular compartments for each cell line. A younger protein pool has more 
sfGFP, and is represented closer to 0, while an older protein pool has more Cherry, and is 
represented closer to 1. In each case, the overall pool of protein is youngest in the 
cytoplasmic compartment and oldest in the perinuclear region. This reflects the observations 
from imaging. Error bars show the 95% confidence interval. B. Images from the analysis 
steps are shown with a single cell representation of each cell line. Observations from the 
graph are reflected in this final image; sKITL_TD cells show the highest sfGFP fluorescence, 
indicative of a younger protein pool. The perinuclear regions contain the oldest protein, 
shown by the higher amount of Cherry. The KIT_TD protein pool is older in the cytoplasm 
than in either KITLs. Scale bars represent 50μm. 
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cytoplasmic ratios similar to that of sKITL_TD with no significant differences, 
however the perinuclear compartment has a much higher ratio of 0.547 vs. 0.735 (P 
= 1.03 x 10-5). sKITL_TD has a significantly lower ratio in every area compared to 
KIT_TD; cytoplasm P = 1.45x10-5, perinuclear P = 3.45 x 10-4 and whole cell P = 
4.08 x 10-7. mKITL_TD and KIT_TD showed no significant differences in ratios in 
either the cytoplasmic and perinuclear compartments, but did show a significant 
difference when the whole cell was measured (P = 1.05 x 10-4). 
5.4. KIT and KITL interaction 
To determine whether the fluorescent ligands are being cleaved from the membrane 
and incorporated into other cells in culture, co-culture experiments were performed 
NIH3T3 cells do not endogenously express KIT protein (Wang et al., 2000), so 
fluorescent sKITL or mKITL cannot normally be transferred into these cells. In the 
following mixed culture experiments, all green fluorescence observed in KIT_C cells 
must originate from the KITL_NG cells. Therefore, any cells which are both red and 
green are KIT_C cells, whilst any only green cells are KITL_NG cells. Furthermore, 
any green fluorescence must have entered the cells through the KIT_C receptors. In 
the mixed cultures with melb-a and B16F10 cells, any fluorescence must also 
originate from the KITL_NG cells, but enters through endogenous KIT receptors. 
5.4.1. sKITL transfer to other cells in mixed cultures 
5.4.1.1. sKITL_NG can be transferred to KIT_C cells 
Figure 5.8. shows sKITL_NG localised in KIT_C cells, with those cells indicated by 
white arrows in all channels. Fluorescence in KIT_C cells compared to sKITL_NG 
cells appears less bright as expected. This was quantified and plotted in Figure 
5.8.B., and it was shown that there was significantly less fluorescence in the KIT_C 
cells (P = 1 x 10-7). Colocalisation of fluorescent red and green proteins can be seen 
in composite images as yellow pixels. However, when there is a difference in the 
fluorescent intensity at seen here, a more accurate method to determine whether 
































Figure 5.8. sKITL is taken up by other NIH3T3 cells and colocalises with fluorescent 
KIT receptor. A. Images show a mixed culture of NIH3T3 cells - one line expressing 
sKITL_NG and the other expressing KIT_C. The arrows in the merged panel show cells with 
both red and green fluorescence. No Cherry signal is detected in the sKITL_NG cells. Scale 
bar represents 50µm. B. The integrated density of NeonGreen fluorescence was measured - 
those which were producing sKITL_NG, and those which were not (i.e. KIT_C). The level of 
green signal in KIT_C cells is lower than in sKITL_NG cells in the same culture (P=1x10-7). 
Error bars show the 95% confidence interval. C. Colocalisation between KIT and sKITL in 
KIT_C cells was assessed using Pearson’s correlation coefficient (R). There is a moderate 
positive correlation between the localisation of green and red protein across the whole cell 
(mean R=0.653 +/-0.160). The graph shows the range of R values from a subset of cells, 
and demonstrates that the variation among results places them in different categories of 
correlation significance.  
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measured in the KIT_C cells, using the Pearson’s correlation co-efficient. This tests 
fluorophore correlation in terms of pixel overlap, on a scale from 1 (perfect positive 
correlation) to 0 (no correlation) to -1 (perfect negative correlation), the positive 
aspect can be seen in Figure 5.8.C. The average correlation was determined for the 
data set as R = 0.653, which indicates a moderate level of positive correlation. 
However, the array of R-values taken into account for the average vary greatly 
within the small range of R-values. Many of the cells show weak correlation, whilst a 
few show strong correlation. Overall, there is a positive correlation, indicating there 
is colocalisation between the proteins, but the strength of correlation varies by cell. 
Colocalisation of the proteins would indicate the ligand/receptor have bound and 
been internalised. 
5.4.1.2. sKITL_TD can be transferred to melb-a and B16F10 cells 
To confirm that the KITL constructs could be taken up through endogenous KIT 
receptors,  KITL_TD expressing NIH3T3s were put in mixed cultures with melb-a 
and B16F10 cells. The level of fluorescence observed may also give an indication of 
the abundance of receptors available for binding. The melb-a or B16F10s were 
coloured using DiI, which was demonstrated in Chapter 3. Images from a melb-a 
mixed culture can be seen in Figure 5.9.A., with a melb-a cell outlined in white for 
easy identification. The levels of sKITL in both the sKITL_TD producing cells and 
the melb-a or B16F10 cells was analysed by calculating the integrated density 
(Figure 5.9.B.). When the levels of fluorescence were quantified, the NIH3T3 cells 
expressing the construct had the highest levels as expected. Melb-a cells had 
significantly less fluorescence than the NIH3T3 cells (P = 0.001), and B16F10s had 
even less fluorescence (P = 4 x 10-4). This is interesting, as the B16F10 cell line is 
not dependent upon sKITL in culture, whilst melb-a cells are maintained with sKITL 
supplemented medium. 
To assess the age of the proteins in each cell type, the sfGFP:Cherry ratio was 
measured as described above (see Figure 5.9.C.). Due to the extremely low 
fluorescence in the B16F10 cells, measuring the ratio was unachievable in these 


































Figure 5.9. Melb-a and B16F10 cells can uptake fluorescent sKITL. A. A melb-a cell is 
marked by DiI in co-culture with sKITL_TD cells. The melb-a is outlined in white to 
demonstrate its position in other channels. SfGFP and Cherry are both faintly visible in the 
cell. Scale bar represents 50µm. B. Integrated density was measured for each cell type to 
determine the amount of fluorescence, then compared between cell lines. Integrated density 
was significantly lower in melb-a and B16F10 cells in comparison to sKITL_TD (P = 0.001, P 
= 4x10-4 respectively). There was also significantly less fluorescence in B16F10 cells in 
comparison with melb-a (P = 0.032). C. The ratio of the red and green protein in melb-a and 
sKITL_TD cells was compared. The sKITL_TD protein localised to melb-a cells had a 
significantly higher ratio (P = 1.02x10-7), indicating that the melb-a had less green and more 
red protein present. Box and whisker plots show the minimum, maximum, interquartile range 
and mean of the data set. 
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indicating an older protein pool had been internalised as would be expected ( P = 
1.02 x 10-7). The donor cells, are constantly producing new protein, whereas the 
melb-a/B16F10 cells can only uptake protein that is presented. 
5.4.2. mKITL transfer to other cells in mixed cultures 
5.4.2.1. NeonGreen can be transferred to KIT_C cells 
Figure 5.10. demonstrates the ability of fluorescent mKITL to be transferred to 
KIT_C cells. 
Initially, the mKITL_NG in the KIT_C cells does not have the same localisation 
pattern as in the cells producing the protein; there is no pronounced perinuclear 
localisation and protein is evenly distributed across the whole cell with some 
speckling. Over the time course, localisation of mKITL_NG increases within the 
KIT_C cells, and the perinuclear localisation appears much stronger. This suggests 
that the perinuclear localisation is due to high amounts of the protein. 
The levels of NeonGreen fluorescence were quantified in the different cell lines at 
the start and the end of the imaging time course. The quantification can be seen in 
Figure 5.10.B. After 4 hrs in culture, there is a significant difference between the 
amount of fluorescence in the mKITL_NG expressing cells and the KIT_C cells as 
may be expected (P = 9.28 x 10-6). This difference decreases over the time course, as 
significantly more mKITL_NG is found in the KIT_C cells after 8.5 hrs (P = 3.136 x 
10-5).
Localisation between the proteins was measured, again using Pearson’s co-efficient 
(R). Refer to Figure 5.8.C for position of R values in terms of the correlation 
significance. After 4 hrs in culture, there is no colocalisation of the proteins, as 
demonstrated by an R-value of 0.06389. By 8.5 hrs, there is a strong correlation 

















































Figure 5.10. mKITL_NG is taken up by KIT_C cells, and changes localisation over time. 
A. Images from timelapse experiments shows that mKITL_NG is taken up by KIT_C cells, as
green fluorescence is visible in the red cells. Cells were imaged 4 hrs after plating in culture
together (time points are indicated as time post-plating). At 4hrs, low green fluorescence in
the KIT_C cells is evenly distributed; dots indicate KIT_C cells which are also positive for
mKIT_NG. After 8.5 hrs, as levels of fluorescence within the KIT_C cells increases, arrows
indicate examples of areas where perinuclear localisation has increased. B. The level of
mKITL_NG was quantified at the beginning and end of imaging in both mKITL_NG and
KIT_C cells. There was a significant difference between the levels of fluorescence in each
cell type at both time points, although the significance decreased after 8.5 hrs (4 hrs P =
9.28x10-6, 8.5 hrs P = 3.66x10-3). There was a significant increase in the amount of
NeonGreen fluorescence in KIT_C cells over the time course (P = 3.14x10-5). Error bars
show the 95% confidence interval.
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5.4.2.2. mKITL_TD can be transferred to melb-a cells 
As with sKITL, the ability of mKITL_TD to be transferred into melb-a cells was 
determined. Figure 5.11.A. shows the presence of mKITL_TD in melb-a cells which 
are outlined in white. Fluorescence is faintly visible in these cells, primarily in the 
perinuclear compartment. The level of total fluorescence was measured by integrated 
density, results of which are shown in Figure 5.11.B. There is a highly significant 
difference (P = 1.33 x 10-30) between the integrated density measured in melb-a cells 
and the mKITL_TD producing cells. This is clear from the imaging, as fluorescence 
in both channels is very faint. To determine whether the protein found in the cells 
was of a similar age, the sfGFP:Cherry ratio was measured as before. The results in 
Figure 5.11.C. show that the melb-a cells had a significantly higher ratio, indicating 
an older protein pool is present as described for sKITL_TD.  
5.4.3. KITL transfer through conditioned medium 
Conditioned medium experiments were performed to determine whether fluorescent 
KITL is effectively cleaved from the membrane, and is able to be transferred in the 
absence of donor cells. KITL cells were grown in fresh culture medium for 24 hrs to 
create a conditioned medium. The media was removed, and filter sterilised before 
adding to KIT_C cells followed by imaging. Figure 5.12. shows KIT_C cells  
cultured in media conditioned by sKITL cells in 5.12.A.i. and from mKITL cells in 
5.12.B.i. The images show the first frame from a time-lapse series, and are taken 
~30-40 mins after addition of the conditioned media. The amount of fluorescence 
was assessed over time, to determine whether the KITL in the media was being taken 
up by the cells as would be expected. The average fluorescence intensity is plotted by 
time in Figure 5.12.A.ii. and B.ii. for sKITL and mKITL respectively.   
sKITL_NG fluorescence increases slightly over the first hour, before beginning a 
steady decline over the time course. At the start of the culture, the fluorescence is 
distributed evenly across the cell, however this becomes more speckled over time 
and this localisation quickly appears increased around the perinuclear region. 





































Figure 5.11. Melb-a cells can uptake fluorescent mKITL. A. Melb-a cells are marked by 
DiI in co-culture with mKITL_TD cells. The melb-a cells are outlined in white to demonstrate 
their position in other channels. SfGFP and Cherry are both faintly visible in the melb-a cells. 
Scale bars represent 50μm. B. The amount of fluorescence in the different cells was 
measured and quantified by integrated density. There is a significant difference between the 
integrated density in the melb-a and mKITL_TD cells (P = 1.33x10-30). C. The age of the 
protein pools in the different cells was measured. The fluorescence in melb-a cells has a 
significantly higher ratio than the mKITL_TD cells, indicating an older protein pool. 
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rate between 2 and 3 hrs. In both sKITL and mKITL cultures, the fluorescence of 
KIT_C decreased over time. The rate of decrease is greatest during the first hrs, and 
then slows down over the rest of the time course. KIT_C fluorescence does not 
decline in this way in KIT_C only cultures. The reasons for this were not clarified, 
although it could be hypothesised that the excess of ligand has caused saturation of 
the receptors. Once bound and internalised, the complex may be degraded as 
discussed. Consequently, in levels of high ligand availability, the receptors may not 
be able to re-establish in large quantities at the membrane due to constant ligand 
binding and degradation.  
5.5. Discussion 
5.5.1. Localisation patterns of KITL support associations with 
actin  
Results suggest that both sKITL and mKITL may be associated with actin-based 
structural components. Structural and cytoskeletal plasticity is vital during cell 
migration to change the cell attachments which will allow forward motion. Migratory 
cells exhibit classical front-rear polar morphologies which are well studied. The main 
structures in non-invasive cells are highly dynamic, and are formed and regulated by 
actin polymerisation (Alblazi and Siar, 2015). Lamellipodia form at the leading edge 
of the cell, and are thought to be the driving force of cell migration by attaching the 
cell body to the surface and pulling it forward (Yamaguchi and Condeelis, 2007). 
Many lamellipodia form, and the frontal morphology is often described as a 
‘ruffling’ effect (Suraneni et al., 2012). Also at the front of the cell, filopodia are 
‘spike-like’ protrusions which extend into the environment (Suraneni et al., 2012). 
Filopodia are essential for migrating cells where they are described as an 
environmental probe (Mattila and Lappalainen, 2008). The localisation pattern of 
mKITL constructs resemble filopodia extending into the environment. At the rear of 
the cell, the tail is attached to the surface (Lodish et al., 2000). Movement of the rear 
is dependent upon microtubule reorganisation to retract the tail of the cell towards 
the cell body, thereby creating a net forward movement (Ganguly et al., 2013). 
Again, both sKITL and mKITL were observed in these attachments to the rear. 
A Merge sKITL_NG KIT_C
B Merge mKITL_NG KIT_C
Figure 5.12. KITL in conditioned medium is taken up by KIT_C cells. KIT_C cells were 
supplied with conditioned medium siphoned from A. sKITL_NG cells and B. mKITL_NG cells. 
Scale bars represent 50µm. A ii. The amount of sKITL_NG and KIT_C were quantified over 4 
hrs. KIT_C declines steadily, while sKITL_NG intensity rises over the first hour in culture 
before beginning to decline. B. ii. The amount of mKITL_NG and KIT_C were quantified over 









In the literature, there are few instances of links between KITL and actin. A study by 
Ballestrem et al. (Ballestrem et al., 2000) used KITL to successfully induce 
lamellipodium formation in melb-a cells, which was critical to allow cell migration. 
Tabone-Eglinger et al. investigated the clustering roles of mKITL with KIT, and 
described association with F-actin at the cell membrane, although it was not 
sustained for long after initial cluster formation (Tabone-Eglinger et al., 2014).  
Alternatively, KITL may be associated with the filopodia-like structures known as 
cytonemes (Kornberg and Roy, 2014). These structures were used to describe a 
direct-delivery model of morphogens during development, where signals are 
transferred through direct contact to ensure cell-specificity (Ramírez-Weber and 
Kornberg, 1999). This model was proposed to be a mechanism for achieving a 
morphogen concentration gradient in Drosphila (Ramírez-Weber and Kornberg, 
1999).  
5.5.2. Dynamic localisation of KIT and KITL at the membrane 
may show clustering of complexes 
The clustering of KIT and KITL has been demonstrated previously in mKITL/KIT 
studies described by Tabone-Eglinger et al. Bright, dynamic localisation of KITL 
and KIT was observed at the cell membrane, and at the distal tips of protruding 
appendages. In KITL cells, this was accompanied by generally strong localisation at 
the membrane and frequent instances of bright localisation at the membrane. These 
events did not appear as frequently in the KIT cells, although this may be a 
consequence of the different fluorophores. Areas where cells overlapped or where 
cells extend protrusions into other cells, fluorescence of sfGFP or NeonGreen does 
appear brighter, however there was no obviously brighter fluorescence specifically at 
touching membranes, where KIT and KITL would interact. To determine whether 
this indicates a higher local concentration of protein and review this localisation 
more conclusively, fixing these cultures and imaging at high resolution would be 
beneficial. If these events were indeed clustering of the ligand and receptor, then 
these constructs would provide a useful method of observing the real-time dynamics 
in more detail.  
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5.5.3. Localisation of older KIT and KITL supports models 
where degradation of the complex occurs after signalling 
In all of the cell lines, strong fluorescence was observed in the perinuclear 
compartment. The localisation of proteins around the nucleus is characteristic of 
lysosomal degradation. It suggests that a large portion of the older red sKITL_TD is 
being degraded. The fate of KITL after activation of KIT has not been conclusively 
demonstrated; there are conflicting reports as to the fate of the KIT/KITL complex 
once activation of the downstream pathways has begun. It has been shown that the 
KIT signalling complex can be internalised and trafficked in endosomes. It is also 
known that downregulation of KIT signalling can be achieved through receptor 
ubiquitination, leading to lysosomal degradation (Masson et al., 2006). However, it 
has also been shown that mKITL at least, lacks the localisation signal allowing 
targeting for endocytosis, thereby prolonging its time bound to the membrane for 
signalling (Wehrle-Haller and Imhof, 2001). This is an important feature which 
distinguishes sKITL and mKITL, as they produce different downstream signalling 
events, related to the duration of receptor activation (Miyazawa et al., 1995). 
However, the lack of signal on the ligand may not be relevant once the mKITL is 
eventually cleaved from the membrane and internalised along with the KIT receptor. 
Imaging data from the timer tag proteins in particular would support that there is 
internalisation and degradation of the proteins, due to an older protein pool in the 
perinuclear region where endocytic recycling occurs. Conversely, consistent 
localisation of the sfGFP fluorophore at the cell membrane suggests that new protein 
production is responsible for maintaining signalling.  
It must be considered that this localisation may be a consequence of highly 
overexpressed proteins or due to an interfering presence of the fluorophore, and not a 
true event. Data from the timer tag proteins suggest a movement to this area by the 
older protein, rather than sequestering after translation. Further, the fluorescent 
proteins are all monomeric so not likely to dimerise, and are tested in combination 
with other proteins to show that they are useful as fusion proteins (Khmelinskii et al., 
2012). The placement of fluorophores in all three constructs followed previously 
published sequences in which the fluorescent KIT and KITL proteins are known to 
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have accurate localisation properties. However, the timer tag proteins are pH 
sensitive, with sfGFP showing less stability than Cherry at low pHs, so it follows that 
in the lysosomes/endosomes, Cherry fluorescence would be dominant (Khmelinskii 
and Knop, 2014). 
5.5.4. Fluorescent KITL is transferable between cells 
The experiments described. are important to demonstrate that the KITL proteins are 
able to interact with the KIT receptors. The presence of fluorophores in cells which 
were not expressing the construct was the main method of achieving this, through 
mixed cultures and conditioned media. Both sKITL and mKITL was found in 
conditioned medium, and was able to enter KIT_C cells successfully. Fluorescence 
was also transferred in low amount melb-a and B16 cells, which express endogenous 
KIT. To further confirm these results, an experiment combining the KITL expressing 
NIH3T3s with general, non-KIT expressing NIH3T3s could be performed. No 
fluorescence should be apparent in these cells in either a mixed culture, or if cultured 
with conditioned medium.  
The decrease of KIT_C over the time course in the conditioned media experiments is 
important to consider for control reasons. It is potentially concerning that the levels 
reduce as KIT_C should be produced consistently throughout by the stably 
transfected cells. It suggests that the rate or level of KIT/KITL signalling is not 
stable, and that there is a discrepancy between the level of overexpression of the 
KITL and KIT constructs. This may be exacerbated if KIT_C is also interacting with 
endogenous KITL, in addition to the over expressed fluorescent KITLs. 
Alternatively, the observations may indicate the saturation of the receptor with 
ligand, so the level of KIT_C may plateau to a base level, sometime after the 4 hrs 
imaged; although the levels are still decreasing at 4 hrs, the rate of decrease is slower 
than in the first hour. In the conditioned media experiments, media is only added ~ 
20 mins before imaging whereas in mixed cultures, the cells are plated together for at 
least 4 hrs (usually over 16 hrs) before imaging to allow for attachment. The levels of 
receptors may have ‘balanced’ before imaging in the mixed culture experiments.  
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5.5.5. Manipulating the age of the protein pool can be 
quantified 
Experiments using CHX and exogenous sKITL show that the ratio between green/red 
fluorescence in the timer tag protein constructs can be shifted in line with expected 
outcomes; treatment of mKITL_TD cells with CHX blocked new protein translation, 
so the age of the protein pool increased. Treatment of KIT_TD cells with exogenous 
sKITL increased the turnover rate of KIT_TD, so the age of the protein pool 
decreased. These validation steps show that the calculated ratios relate directly to the 
turnover of the protein, and validate the constructs for use in further protein kinetic 
experiments. 
5.5.6. Future directions 
Some experiments for developing the current findings have already been suggested 
specifically in the relevant sections. There are further studies which could greatly 
advance and promote the use of these cell lines and/or constructs as viable models to 
observe KIT/KITL proteins in vitro. 
Higher resolution imaging, perhaps super-resolution, could be used to identify 
localisation patterns more accurately. At high resolutions, colocalisation of KIT and 
KITL in specific compartments, including at the membrane, could be investigated. 
Higher resolution imaging would also be more accurate in determining colocalisation 
occurrences. 
The power of mathematical modelling has been described in Chapter 4 in relation to 
cell migration studies. Similarly, modelling can be used to incorporate protein 
dynamics to observe cell behaviour. In order to parametrise such a model, 
quantitative protein dynamics are required. Abundance of the proteins as well as their 
rates of production and degradation, are important baseline measurements. Further, 
the duration of downstream signalling events would be an important consideration. 
The timer tag proteins described here provide an interesting model to explore some 
of these features. The quantity of protein is needed to calculate turnover rates, but 
unfortunately, fluorescence intensity is not an accurate method of quantifying levels 
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of protein expression. It is mainly useful within the same construct to say if 
something appears brighter or dimmer, and if so higher or lower protein expression 
can be assumed, but is not comparable between different cell lines. Western blotting 
or ELISA experiments could be performed to establish the abundance of protein, and 
then turnover rates by calculating the ratio between tagged and endogenous protein. 
However, to date, there are no commercial antibodies able to differentiate between 
the two isoforms of KITL. 
Within this project, attempts were made to introduce the Flp-In system into the 
relevant cell lines using homologous recombination and CRISPR-Cas9. Introducing 
fluorescent KIT and KITL constructs into melb-a and COCA cells respectively 
would be extremely advantageous. The NIH3T3 cell line is mainly applicable as a 
dermal cell equivalent, which produces KITL. This is especially true for examining 
KIT, as NIH3T3 cells endogenously produce KITL, which may be causing unknown 
complications as the ligand and receptor are both expressed in the same cell. 
Similarly, another interesting target cell line for introduction of the KITL constructs 
would be the Sl/Sl line used in the CDM assays, which do not produce endogenous 
KITL (Flanagan and Leder, 1990). 
145 
Chapter 6
Differential gene expression during 
melanoblast development and between 
culture methods 
Examining the gene expression profile of cells through RNA sequencing is a 
powerful technique used to investigate differences in gene expression across the 
entire genome, and can be applied in various biological questions. It can be used to 
identify cell-specific markers and processes down to the individual cell in single-cell 
RNA-sequencing. In development and disease progression, it can reveal changes that 
lead to certain biological actions and behaviours. RNA sequencing is highly reliant 
on the development of the sequencing technology, which is becoming increasingly 
accurate and accessible. 
Within this project, there were two distinct streams to the RNA sequencing 
experiments. The first experiment concentrated on examining the temporal 
development of primary melanoblasts, at ages previously unreported; the use of a 
new mouse line allowed the isolation of melanoblasts from E12.5, which is the 
earliest reported. Other studies have included microarray at E15.5 (Colombo et al., 
2011), and a combination of rtPCR/qPCR (quantitative PCR) at E14.5, E16.5 and in 
MSCs (Colombo et al., 2011; Osawa et al., 2005). Between the ages of E12.5 to 
E14.5, there are important biological events including massive expansion of the 
population, mass migration through the trunk and crossing the dermal-epidermal 
basement membrane (Mort, Jackson and Patton, 2015). See Chapter 1.1. for a 
detailed narrative. 
The previous chapters have concentrated on using in vitro cell lines as a model for 
melanoblasts, including the wildtype melanoblast line, melb-a (Sviderskaya, 
Wakeling and Bennett, 1995). It is hypothesised that by taking a cell from the in vivo 
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environment to in vitro culture, and ultimately to an immortal line, there will be 
changes to various aspects of the cells behaviour, expression pattern and identity. In 
this case, the RNA sequencing data is used to explore how accurately melb-a cells 
reflect in vivo melanoblasts. Melb-a cells were cultured in HDs to explore the effects 
of culturing in a 3D model on cell behaviour. Results presented in Chapter 3.2.2 and 
Chapter 4.2., suggest that this method of culture induces EMT. RNA sequencing 
provides an excellent tool to explore this hypothesis, particularly as methods such as 
western blotting and immunostaining proved impractical tools due to the 
experimental conditions. Melb-a cells which have been cultured using the HD 
method are also included to ascertain the effects of changing the growing conditions, 
as well as melb-a cells that have been plated and allowed to migrate away from the 
cell mass.  
6.1. Sample collection and processing 
6.1.1. Fluorescent primary melanoblasts – a novel 
melanoblast line 
A novel mouse line which was targeted and developed by Dr Richard Mort, was used 
to collect primary melanoblasts. See Figure 6.1. for schematics of the constructs and 
identification of melanoblasts ex vivo using this model (data provided by Dr Richard 
Mort). The Pmel-CMN line was created to address issues of specificity surrounding 
current melanoblast models which traditionally use DCT or Tyr to drive reporters. 
Both DCT and TYR are expressed in other populations of NC lineage (Battyani et 
al., 1993; Jiao et al., 2006), which is problematic for isolating melanoblasts, 
particularly at the youngest ages. Pmel17 has been previously identified as an early 
marker of the melanoblast lineage and offers an excellent alternative (Baxter and 
Pavan, 2003).  
The Pmel-CMN mouse was cloned and targeted as shown in Figure 6.1.A.; exon 11 
of Pmel17 was cloned and fused to a CreERT2-f2a-mKate2-t2a-H2bCerulean 
(CMN) cassette, using the t2a self cleaving peptide. The cassette was designed to 
express CreERT2, membrane localised Kate2 and nuclear localised Cerulean, as well 
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as wildtype PMEL. The construct was targeted in mouse embryonic stem cells to the 
Pmel17 locus and a positive clone identified by long range PCR across the 5’ and 3’ 
homology arms. A mouse line was generated by blastocyst injection of the Pmel-
CMN ES cell line. Figure 6.1.B-D. show melanoblasts from Pmel-CMN lines 
visualised by ex vivo culture. In Figure 6.1.B., Pmel-CMN skin at E14.5, 
H2BCerulean was detected, but there was no expression of mKate2. No expression 
of H2BCerulean was observed in the underlying nerves, unlike in Tyr::CreA and 
Tyr::CreB mice (Delmas et al., 2003). In Figure 6.1.C.i. and ii., mice were crossed to 
R26R-YFP mice to facilitate lineage tracing. Tamoxifen was administered at E10.5, 
and skin was imaged at E14.5; a population of cells is labelled with YFP. Again, no 
expression was detected in the underlying nerves. Finally, Figure 6.1.D. shows an 
image of labelled melanoblasts in a whole mount embryo. 
6.1.1.1. FACS isolation 
FACS data of the isolation of primary melanoblasts from these mice is shown in 
Figure 6.2. For each age category, 3 separate litters were collected, and used for 
biological repeats.  
The dissociation protocol for FACS analysis is detailed in Chapter 2.6. Briefly, the 
head and appendages were removed, leaving the trunk intact. The skin was detached 
using methods described in detail by Mort et al.(2014), before dissociation in EDTA 
and collagenase solutions. Once single cell suspensions were achieved, FACS 
analysis was performed and cells were collected directly into buffer for the RNA 
extraction protocols. As cells were collected directly to maximise RNA yield, their 
purity was not checked by double sorting. 
For FACS analysis and separation, the collected populations were based on a non-
fluorescent control litter shown in Figure 6.2.A., and gatings were kept well 
separated from the non-fluorescent populations. Cells were first sorted on the 
forward and side scatter profiles to remove dead cells, clumps and debris. The 
number of cells obtained from the primary melanoblasts cell sorts are detailed in 
Table 6.1.  
A
B C i. ii.
Pmel17 targeting construct
Pmel17 targeted genomic locus 
H2B Cerulean +ve 








Figure 6.1. A novel melanoblast reporter line Pmel-CMN. Data from Dr Richard Mort. A.i. 
Exon 11 of Pmel was cloned and fused to a CreERT2-f2a-mKate2-t2a-H2bCerulean (CMN) 
cassette using the t2a self cleaving peptide. ii. The construct was targeted in mouse 
embryonic stem cells to the Pmel locus. B. In E14.5 embryonic skin from Pmel-CMN mice 
H2BCeruelan could be detected in melanoblasts but no expression of mKate2 was evident. 
C.i. Pmel-CMN mice were crossed with R26R-YFPR mice. Tamoxifen was administered at
E10.5 and they were imaged at E14.5. ii. A subpopulation of cells morphologically identifiable
as melanoblasts was labelled with YFP. D. In whole mount embryos, YFP labelled
melanoblasts could be seen throughout the epidermis from the dorsal to ventral aspect.
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6.1.1.2. E12.5 
At around E12.5, melanoblasts which have been migrating in the dermis from E10.5, 
begin to invade the epidermis by crossing the basement membrane (Nishikawa et al., 
1991). At the E12.5 time course, it was anticipated that the brightness of the 
Cerulean fluorophore would prove problematic; rapid proliferation at this time means 
that the fluorophore, which is bound to histone 2B, has little time to accumulate in 
the cell before mitosis. To avoid this, the Pmel-CMN line was crossed onto the 
CreERT2 inducible, floxed YFP reporter mouse – R26R-YFP (Srinivas et al., 2001). 
Melanoblasts are then double-marked in both YFP and CFP (cerulean fluorescent 
protein); PMEL expressing cells are marked by CFP and melanoblast lineage cells 
are marked by YFP. 4-OHT (4-hydroxytamoxifen) was used to activate the CreERT2 
at E11.5, around 24 hrs before dissection. Binding of 4-OHT to the mutated 
oestrogen receptor of CreERT2 causes its translocation to the nucleus, thereby 
allowing the Cre recombinase to recombine the loxP sites around the stop codon on 
the R26R-YFP allele; removal of the stop codon allows transcription and translation 
of the YFP fluorophore (Feil, Valtcheva and Feil, 2009; Srinivas et al., 2001). 
Sorting for YFP/CFP +/+ fluorescent cells is then possible via FACS. Figure 6.2.B. 
shows the FACS sort from one biological repeat of the E12.5 age. The populations 
shown in P4 and P2 are the main interest for this project, as these are the PMEL 
expressing cells i.e. early melanoblasts. P2 are also melanoblasts, but recombination 
by CreERT2 appears to be fairly low, as only an average of 34% of the total 
population of melanoblasts (i.e. P4 vs. P2+P4) are labelled with YFP. Regardless, for 
extra confidence in isolating a pure melanoblast population, only double positive 
cells sorted into P4 were considered for sequencing.  
6.1.1.3. E13.5 and E14.5 
At E13.5 and E14.5, melanoblasts are migrating throughout the epidermis to colonise 
the entire trunk of the embryo (Luciani et al., 2011). Unlike the E12.5 embryos, the 
E13.5 and E14.5 embryos were not anticipated to require the R26R-YFP lineage 
reporter, as testing the CFP fluorescence via FACS showed that it was bright enough 
in heterozygous Pmel+/CMN embryos. Pmel-CMN males were crossed to laboratory 
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standard CD1 females, in order to increase litter size and maximise the number of 
melanoblasts obtained. Again, the FACS results in Figure 6.2.C. and D. show clear 
populations of CFP+ cells which express PMEL and represent the melanoblast 
population.  
6.1.2. Cultured cells 
There are two main questions surrounding the immortalised melanoblast cell line in 
this chapter. Firstly, do melb-a cells provide a good model for studying 
melanoblasts? Secondly, do the different culturing methods/statuses change the 
expression profile of the cells? In particular, do they reflect typical changes seen in 
EMT/MET processes? As stated, the three categories of cultured cells that were 
sequenced are: ‘melb-a cells’; ‘melb-a cells HDs’; and ‘melb-a cells migrated from a 
HD’. Refer to Chapter 3.2. and 4 for information and visual representation of these 
cultures. For the 3 biological repeats, a single flask of melb-a cells was split and 
passaged twice before considered as a repeat. At this point, three separate flasks were 
used to set up HD cultures. For each of these three repeats, half of the cultures were 
harvested after 5 days for the ‘melb-a HD’ category. The other half were plated onto 
a glass surface and cells allowed to migrate away from the cell mass for 24 hrs. 
Then, the remaining cell’s mass was dislodged and removed by microdissection, 
before the cells that had migrated and adhered to the surface were harvested. As 
mentioned previously, the HDs require the aid of matrigel (if not plated on a CDM) 
in order to migrate, so this must be taken into consideration. 
6.1.3. RNA quality control 
RNA was isolated and prepared as detailed in Chapter 2.3. Before processing to 
cDNA, the RNA was analysed on an Agilent Bioanalyser. The electrophoretically 
separated peaks of 18S and 28S species of rRNA (ribosomal RNA) are used to 
determine sample quality, and produce an RNA integrity number (RIN). This gives a 









Figure 6.2. Isolation of primary melanoblasts by FACS analysis. FACS plots showing 
one biological replicate (one pooled litter) from each sample age. YFP/GFP fluorescence is 
plotted over CFP fluorescence. A. A non-fluorescent E13.5 CD1 negative control mouse. All 
future FACS gatings were based on this control to minimise mouse culling. The P2 labelled 
population in all plots are CFP+ cells which are expressing PMEL. B.i. A litter of E12.5 
embryos of the Pmel+/CMN;R26FPR line. ii. An E12.5 4-OHT negative control. The additional 
labelled populations at E12.5 are: P4 - PMEL+/YFP+ cells which are expressing PMEL and 
are lineage traced by YFP, and P5 - PMEL-/YFP+ cells which are not expressing PMEL and 
are lineage traced by YFP. C. A litter of E13.5 embryos. D. A litter of E14.5 embryos. 
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Generally, a RIN of below 8 is considered degraded and poor quality, however the 
majority of the samples were used with scores below this; this is a common problem 
when using primary tissue or cells. The NuGen cDNA synthesis kit that was used is 
specifically designed to improve synthesis from both low RNA amounts and poor 
RNA quality. The RIN scores for the primary cells are shown in Table 6.1. For the 
cultured cells, use of the NuGen kit was not required, as cell numbers and RNA 
quality were not an issue.  
cDNA quality and integrity was confirmed by Edinburgh Genomics before 
progressing to the library preparation. The libraries were sequenced using the 
Illumina Hi-Seq 4000 platform.  
Table 6.1. Quantitative data of primary melanoblast samples in RNA 
sequencing. 








E12.5_1 2,900 6.4 4,517 259.8 
E12.5_2 1,300 9.1 406 177.1 
E12.5_3 890 5.5 54,586 200.2 
E13.5_1 29,000 7.3 3,486 262.1 
E13.5_2 40,000 8.5 20,000 279.9 
E13.5_3 25,000 8.3 45,000 324.2 
E14.5_1 28,000 6.0 20,715 306.5 
E14.5_2 36,000 7.3 10,000 272.2 
E14.5_3 13,000 4.3 11,776 272.7 
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6.2. RNA sequencing 
Each RNA sequencing experiment returned >30million reads per sample. RNA 
sequencing analysis was performed in collaboration with Dr Phillipe Gautier from 
the IGMM Bioinformatics Analysis Core, using standard analysis tools and 
packages, run in R software; data quality was assessed using FastQC, then run 
through the TopHat and Bowtie tools for alignment and labelling. Read count 
analysis was performed using the R package DESeq which uses raw input without 
normalisation, and is considered more accurate than Cufflinks in the community and 
in some reports (Zhang et al., 2014). Results not satisfying both a significance value 
of <0.05 and a log fold change of <-2 and >2 were discarded. The gene expression 
data was examined both by looking for the most changed gene expression between 
samples, and also by extracting candidate genes identified through the literature 
which are involved in pathways or processes of interest. Simple lists of the top 20 
upregulated and downregulated genes for each pair-wise comparison between the 
primary cells are shown, ordered by log2 fold change. GO terms (gene ontology) 
were also used to examine what functions the changed genes are associated with. To 
examine GO terms, the entire genes list was separated into upregulated vs. 
downregulated before input into the PANTHER classification tool (freely available 
at http://pantherdb.org/). GO term analysis can be performed under several key 
ontologies, however herein, the biological functions of the groups is the principal 
interest. Genes may identify with multiple GO terms. GO term enrichment was also 
performed to assess if any particular groups were prevalent (freely available at 
http://www.geneontology.org/page/go-enrichment-analysis). This enrichment 
analysis determines if a set of genes are associated with a certain GO term, at a 
higher frequency than would be expected. Heat maps are also used to visualise 
changes in expression between the sample groups. 
The melb-a_migrated repeat 1 sample was discounted early into processing due to 
extremely poor alignment to the genome at only 24.7%. All other samples had 
concordant pair alignment of around 50%. Although this was still considered poor, it 
left enough reads to do viable downstream analyses, as advised by Dr Gautier. The 
majority of published RNA-sequencing projects report concordant pair alignment of 
154 
>80%. Reasons for the low alignment are not known. Multiple attempts were made
to increase the alignment rate in the analysis, including data trimming based on read-
quality. However, the increases in alignment rate were minimal. Manipulating the
data before processing is generally avoided in order to preserve as many true reads as
possible, so ultimately the raw inputs were used in favour of the trimmed inputs.
6.2.1. PCA clustering 
A principal component analysis (PCA) was performed on all the raw data, which 
gives a statistical analysis of the variance between samples. Ideally, biological 
repeats should cluster closest together, indicating their similarity to one another. 
The first PCA is presented in Figure 6.3.A. and demonstrated that there were 
problems with some of the samples; samples E12.5_2, E13.5_3 and E14.5_3 were all 
located far away from the other samples on the plot. The sequences and alignment 
results of these samples were examined closely. These samples showed a low exonic 
alignment rate, which may be concurrent with gDNA contamination. This was 
unexpected, as the pre-processing data for these samples indicated an adequate level 
and quality of RNA which was not dissimilar to the other biological samples. 
Regardless, the PCA and other tests strongly supported the removal of these samples 
from the data set. 
The PCA was repeated once these samples had been removed, the results of which 
are shown in Figure 6.3.B. In this plot, the primary melanoblasts are clearly clustered 
together, as are the melb-a cells. Further, the different ages in the primary cells 
cluster convincingly, although the data is limited to only two biological repeats. The 
cultured cells cluster less convincingly by type, with a sample each from melb-a cells 
and melb-a HD appearing closer to each other than their other repeats. However, in 
two repeats from each sample, results appear extremely close together. Indeed, in the 
melb-a migrated group, the biological repeats are indistinguishable as they lie atop 
one another. This PCA was considered successful, and supportive of further analysis 




Figure 6.3. PCA plots of RNA sequencing data. A. The original PCA highlighted problems 
with multiple samples. These samples, shown encircled in red, were removed from the 
analysis following further investigation. The affected samples were: E12.5_2, E13.5_3, 
E14.5_3 and melb-a migrated_1 (discarded before the original PCA and not shown). B. The 
PCA was repeated after removing the outliers. The samples cluster convincingly into primary 
vs. cultured cells, and further into the biological repeats within the sample groups. 
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6.2.2. Top changes in gene expression - pairwise 
comparisons 
The full set of genes for each pairwise comparison can be found in Appendix D on 
the accompanying CD. 
6.2.2.1. Primary cells   
6.2.2.1.1. E12.5 to E13.5 
The top 20 upregulated genes between the E12.5 and E13.5 samples can be seen in 
Table 6.2. As mentioned previously, to examine the top overall GO terms, the entire 
set of upregulated or downregulated genes was used, and not limited to the top 20 
results. GO term analysis shows categories which may be expected to change 
between these ages in line with developmental processes; biological adhesion, 
localisation, locomotion, cell communication and cell cycle processes. 
In Table 6.2, some individual genes have previously reported associations to 
melanocyte biology. Ccl2 is a known target in cancer, and indeed in melanoma 
progression, as an important chemokine component (Lim et al., 2016). Dsc3 is 
involved in embryonic development and cell adhesion as a member of the cadherin 
family (Den et al., 2006), and has also been described in skin cancers, particularly in 
those of the epidermis (Chen et al., 2012). Dkk1 has a wide range of functions 
through Wnt signalling both during embryonic development (Lieven, Knobloch and 
Rüther, 2010) and in hair follicle formation (Lei et al., 2014). Map3k14 is directly 
involved in MAPK signalling. 
GO term enrichment revealed gene enrichment in the following principal categories: 
collagen fibril organisation which had a 7.9 fold enrichment in the data set, positive 
regulation of cell motility which had a 2.38 fold enrichment, positive regulation of 
locomotion which had a 2.3 fold enrichment, regulation of cell migration which had 
a 2.14 fold enrichment and cell adhesion which had a 2.26 fold enrichment. GO 
enrichment on the downregulated data set returned only two significantly enriched 
GO term groups: noradrenergic neuron development was enriched >100 fold, and 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































6.2.2.1.2. E13.5 to E14.5  
Table 6.4. shows the top 20 upregulated genes between E13.5 and E14.5, where 
many known melanoblast factors emerge. The top upregulated gene is Tryp1, Oca2 
is at number 10, Dct is at number 16 and Mc1r is at number 18. These are all key 
genes in the melanogenesis pathway. Serpinb5 is essential during embryonic 
development and basement membrane formation, and although its function is unclear 
it is known to influence cell adhesion to laminin (Gao et al., 2004). Ceacam2 is 
involved in binding to the ECM. It has no previous reports of links to melanocyte 
development, however its closely related family member, Ceacam1, has strong links 
to metastatic events in melanoma (Turcu et al., 2016). Gm14226 makes another 
appearance in this list, although it is shown to increase by a log fold change of 2.670, 
instead of a log fold change of -5.687 as between E12.5 and E13.5. Calm4 encodes a 
calmodulin protein, involved in calcium ion binding which is known to appear in the 
epidermis during development, although associated with the suprabasal keratinocytes 
(Lessard et al., 2015), which are not present at this time point (Sotiropoulou and 
Blanpain, 2012). Mlana is the gene encoding for a melanocyte specific antigen 
(Kawakami et al., 1994) and is expressed at all 3 time points with high read 
frequency. Syt4 is another gene involved in calcium ion binding and is associated 
with vesicle activities in neurons, but not melanocytes. However, another 
synaptotagmin gene, Syt7, has been associated with the transfer of melanosomes in 
the mature melanocyte (Wäster et al., 2016). 
GO term analysis for the upregulated genes returned only 40 genes with associated 
terms. The largest group was ‘metabolic activities’ which separated fairly evenly into 
protein, lipid, carbohydrate and nucleobase-containing activities. ‘Cellular processes’ 
was another main category, and within this cell communication and cell cycle were 
identified. GO enrichment shows a greater than 100 fold enrichment for genes 
associated with melanin biogenesis and pigmentation.  
In Table 6.5. the top 20 downregulated genes between E13.5 and E14.5 are shown. 
The top downregulated gene Csmd3 encompasses over 1.2Mb (megabase) on the 




Hattori, 2016). Mgp is linked to the ECM, where it prevents mineralisation of the 
matrix in a locally controlled manner (Murshed et al., 2004). Downregulation of this 
factor would suggest a specific role, as it is ubiquitously expressed but only known to 
be active in areas of mineralisation. Slc6a1 encodes a key transporter for the 
neurotransmitter GABA (Carvill et al., 2015). Syt1 shows a downregulation of -4.572 
fold in comparison to the upregulation of its family member Syt4. Both genes have 
similar associated roles in vesicular trafficking, and further share another member of 
this large family (Syt14L) which is believed to act through a shared C2 domain to 
control melanocyte differentiation (Yoo et al., 2013). 
Go term analysis for the downregulated genes included 291 genes. The largest group 
was ‘binding’ and more specifically ‘protein binding’. Several growth factors were 
included in this group including Fgf1, Fgf18, Gdf6 and Otor. GO term enrichment of 
the downregulated genes resulted in many significant terms associated with neuronal 
biology. Some examples include: positive regulation of synapse assembly which had 
an 11.2 fold enrichment, synapse organisation which had a 9.87 fold enrichment, 
axon guidance which had a 5.15 fold enrichment, and positive regulation of neuron 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































6.2.2.2. Melb-a cells through culture 
Analysis of the melb-a cell line in culture revealed many differences in RNA 
expression between the culture techniques. However, displaying the results as for the 
primary cells proved unsuitable; in lists of the top changed genes, high fold change 
between the groups was observed primarily due to a read count of 0 (or very low 
numbers) in one sample. This leads to any expression in the comparison sample 
being deemed immediately a very high fold change, even if there is still a low read 
count. There is some debate as to the relevance of very low read counts; some 
researchers believe anything above 0 can only arise if the RNA is accurately 
detected, where others suggest some background levels may compromise the 
accuracy, however they provide no guide as to what minimum read count is 
acceptable. For example, in the comparison between melb-a cells and melb-a HD 
cells, the top differentially expressed gene is Cox6a2 which has read counts of 
41.519 and 0.488 respectively. This is a 4.816 fold change, that is highly significant, 
but as the read counts are still very low, the biological relevance is in question. In 
comparison to other gene expression in the melb-a HD cells, there are other genes 
such as Dct which has a read count of 8908.328. Therefore, genes were chosen for 
discussion that were deemed to have read count changes that could be biologically 
relevant. 
6.2.2.2.1. Melb-a vs. melb-a HD 
The first comparison is between melb-a cells and cells cultured for 5 days in the HD. 
6.2.2.2.1.1. Higher expression in melb-a cells 
Of the genes with higher expression in melb-a cells vs. melb-a HD cells, many are 
reported to have general metabolic functions. Cells grown in the HD are not 
encouraged to proliferate by passaging, and are limited in their growth potential 
which may be reflected in these gene absences or downregulations. Trim46 has 
known links to cell migration through microtubule formation and organisation (van 
Beuningen et al., 2015). Downregulation of this factor is understandable, as the HD 
cells are relatively static within the confinement of the drop. The transcription factor 




normal and cancerous activities. Its expression is known in EMT, with expression 
linked to loss of cell polarity and metastatic events (Eger et al., 2000). Lower 
expression of Fos in HD cells may therefore be concurrent with MET.  
118 genes were included in the GO term analysis for genes expressed in higher levels 
in melb-a cells. ‘Cell communication’ was a major group, accounting for 53 gene 
hits, which mainly consisted of signalling molecules. GO enrichment returned 
significantly higher number of genes associated with tRNA (transfer RNA) 
aminoacylation for protein translation, with a fold enrichment of 42.8, and intrinsic 
apoptotic signalling pathway in response to endoplasmic reticulum stress, with a fold 
enrichment of 26.15. A significant number of the genes in this list relate to 
developmental expression. Ascl1 is used as a cell specific marker of pulmonary 
neuroendocrine cells, which are believed to be of NC origin (Guillemot et al., 1993). 
Evx2 is a known player in neuronal development, involved in specifying excitatory 
neurons (Juárez-Morales et al., 2016). Evx2 also identifies as a Hox gene in 
vertebrate limb development (Hérault et al., 1996). Meltf is known in melanoma and 
has been linked to ECM disassembly and being a negative regulator of cell spreading 
through substrate adhesion (Suryo Rahmanto, Dunn and Richardson, 2007), both of 
which reflect the physical change in the culture method. Nptx2 is another neuronal 
protein involved in the neuronal synapse (Xiao et al., 2017), although there are no 
published links to early development. Pthlh is a regulator of chondrocyte 
differentiation, another NC lineage cell (Minina et al., 2002). Lhx2 is a transcription 
factor involved in many different processes linked to the NC including nervous 
system development as early as the neural tube closure (Liu, Helms and Johnson, 
2004), to hair follicle formation (Folgueras et al., 2013). 
6.2.2.2.1.2. Higher expression in melb-a HD cells  
Some interesting genes were identified as being upregulated in the melb-a HD cells. 
Dusp1 is associated with both environmental stress, which is appropriate for the 
culture method, and also with inhibition of cell proliferation (Shen et al., 2017). Evx2 
is believed to be associated with development and specifically limb morphogenesis 
(Goodman et al., 2002; Slavotinek et al., 1999). Lhx2 is associated with cell lineage 
development, including gliogenesis and derivation of haematopoetic progenitor cells 
170 
(Chen et al., 2015; de Melo, Clark and Blackshaw, 2016). Finally, Ascl1 has been 
shown to have involvement in neural cell fate decisions and migration (Parras et al., 
2002). 
GO terms analysis of genes with higher expression in melb-a HD cells consisted of 
1479 genes in total. The largest single GO term association by 239 genes, was with 
‘cell communication’ and ‘signal transduction’ indicating a highly active and 
dynamic population. As expected, ‘developmental processes’ formed a large group 
of genes, broken down into GO terms that associated with NC lineage cells including 
neuronal development, and skeletal system development. GO term enrichment 
returned a large number of significantly enriched terms, a few of which are listed: 
positive regulation of neutrophil chemotaxis whic had a fold enrichment of 6.2, 
spinal cord development which had a fold enrichment of 3.7, neuron fate 
commitment which had a fold enrichment of 3.7, dorsal/ventral pattern formation 
which had a fold enrichment of 3.4, and cell adhesion which had a fold enrichment of 
1.7.  
6.2.2.2.2. Melb-a vs. melb-a migrated 
The second comparison is between melb-a cells, and those which have migrated from 
the HD.  
6.2.2.2.2.1. Higher expression in melb-a cells 
Firstly, those genes which show higher expression in melb-a cells. Muc4 is a 
glycoprotein involved in preventing cell-adhesion, and although there are references 
to its actions in epithelial tissue, the epidermis is not a major site of expression 
(Carraway et al., 2002). Reln is a gene with a wide variety of functions, mainly 
explored in the brain, but related to cell adhesion and motility (Berthier-Vergnes et 
al., 2011).   
2405 genes were entered for GO analysis. Grouping using GO terms shows a fairly 
generic metabolic and cell signalling landscape of genes which are found in higher 
amounts in melb-a cells. GO enrichment returned many significant results, although 




enrichment include: sodium ion transmembrane transport which had a fold 
enrichment of 3.7, positive regulation of synapse assembly which had a fold 
enrichment of 2.9, calcium ion transmembrane transport which had a fold enrichment 
of 2.5, and homophilic cell adhesion via plasma membrane adhesion molecules 
which had a fold enrichment of 2.8. 
6.2.2.2.2.2. Higher expression in melb-a migrated cells  
Syt4 also features highly as upregulated in the melb-a migrated samples, and its 
functions have been discussed previously. Foxr2 is associated with EMT in some 
cancers (Lu et al., 2017). Itga4 is a fibronectin receptor, playing roles in cell 
adhesion and migration (Chigaev et al., 2003). Map1b is mainly described in 
neurons, being involved in actin and microtubule based reorganisation of the 
cytoskeleton during dendrite retraction (Bouquet et al., 2007). Interestingly, Pmel 
features at number 23 on the list of top differentially expressed genes, with a log fold 
increase of 8.374, which was highly significant.  
For GO term analysis, 1400 genes were included. 159 genes identified with ‘cellular 
organisation or biogenesis’ indicating a high amount of internal changes, consistent 
with the dendritic processes that are extended during migration. 98 genes are linked 
to mitosis, showing a highly proliferative population. 509 genes associated with 
generic metabolic processes. As before, GO term enrichment returned a high number 
of significantly increased GO terms in the data set, but with low fold enrichment, 
including: kinetochore organisation which had a fold enrichment of 9.7, and DNA 
replication initiation which had a fold enrichment of 8.2.  
6.2.2.2.3. Melb-a HD vs. melb-a migrated 
The final comparison within the cultured cell groups is between cells in the HD and 
those which have migrated from the HD.  
6.2.2.2.3.1. Higher expression in melb-a HD cells  
Muc4 and Reln were noted for their roles in cell-cell adhesion and motility. Flt1 is a 
tyrosine kinase involved in cell migration, and also in the MAPK pathway (Wang et 




sodium ion channel that is found mutated in some patients with lack of pain 
sensation (Leipold et al., 2013). Rxfp1 is a relaxin receptor which is a vital hormone 
found during pregnancy, which has functions of ECM and collagen degradation 
(Samuel, Lekgabe and Mookerjee, 2007).  
GO term analysis returned 5672 genes, with a wide range of GO term associations. 
‘Response to stimulus’ encompassed 1216 genes, with many of those associating to 
‘response to stress’, this is presumably due to limited nutrient and oxygen supply in 
the small volume of media. Over 300 genes identified were transcription factors. 
Nearly 900 genes were involved in cell-cell communication via signal transduction, 
including many G-protein coupled receptors and growth factors. 306 genes 
associated to ‘cellular component organisation or biogenesis’, indicating a high level 
of internal changes. In a similar manner to the other cultured cells, GO enrichment 
found many enriched GO terms with significant but low fold enrichment. These 
include: homophilic cell adhesion via plasma membrane adhesion molecules which 
had a fold enrichment of 2.14, and sodium-independent organic anion transport 
which had a fold enrichment of 3.03.  
6.2.2.2.3.2. Higher expression in melb-a migrated cells 
Syt4 is again one of the highly differentially expressed genes, with a fold change of 
8.91 (to a read count of >20,000). Foxr2 is a proto-oncogene associated with cell 
proliferation (Li et al., 2016). Pmel is listed as the 6th highest differentially expressed 
gene, with a fold increase of 8.25.  
Of the 1358 genes found more highly expressed in the melb-a migrated cells, the 
majority were attributed to either ‘metabolic functions’ or ‘cellular processes’. 
Within these categories, ‘cell cycle’, ‘cell communication’ and ‘nucleobase-
containing compound metabolic processes’ were the main groups. GO term 
enrichment again showed a large list of enriched terms. Included in this list were: 
pigment metabolic processes which had a fold enrichment of 3.22, and response to 




6.2.2.3 Primary cells vs. cultured cells 
The primary cells were compared with each of the three cultured cells, to identify 
gene groups that have changed the most. Firstly, between the primary cells and melb-
a cells, GO enrichment showed very few terms which were enriched by more than a 
fold change of 1. Those which were enriched in the primary cells include: exogenous 
drug catabolic process which had a fold enrichment of 4.63, and xenobiotic 
metabolic process which had a fold enrichment of 3.59. There were many more 
enriched in the melb-a cells at higher fold changes including: regulation of 
photoreceptor cell differentiation which had a fold enrichment of 6.22, regulation of 
prostatic bud formation which had a fold enrichment of 8.29, and specification of 
nephron tubule identity which also had a fold enrichment of 8.29. 
Secondly, a comparison was made between primary cells and those in the HD. Go 
enrichment for the primary cells again showed very few enriched areas, and those 
which are above 2 fold enrichment were the same as above. GO term analysis of 
genes expressed higher in the melb-a HD cells revealed enrichment in areas 
including: retinal rod cell differentiation which had a fold enrichment of 14.08, 
anterior/posterior axon guidance which had a fold enrichment of 11.26, and positive 
regulation of keratinocyte proliferation which had a fold enrichment of 7.04. 
Lastly, when comparing the primary cells with the melb-a migrated cells, the gene 
with the highest differential expression was Ednrb, with a log fold change of 13.243. 
Enrb is critical for early melanoblast migration (Lee, Levorse and Shin, 2003), but 
the melb-a cell line are not cultured with endothelin (the ligand) in the media. GO 
term analysis of genes expressed highly in the primary cells showed many areas of 
enrichment including: NC cell migration which had a fold enrichment of 2.83, 
positive regulation of neutrophil chemotaxis which had a fold enrichment of 3.21, 
negative regulation of axon guidance which had a fold enrichment of 3.71, planar 
cell polarity pathway involved in neural tube closure which had a fold enrichment of 
4.73, and regulation of prostatic bud formation which had a fold enrichment of 6.15. 
On the reverse, the list of GO terms which were enriched in the melb-a migrated 




examples include: kinetochore organisation which had a fold enrichment of 7.16, 
post replication repair which had a fold enrichment of 5.45, and apoptotic 
mitochondrial changes which had a fold enrichment of 3.47. 
6.2.3. Changes in known melanocytic genes 
In this section, heat maps are used to display changes in gene expression. Heat maps 
display the relative levels of expression in each group - it is important to remember 
that the expression is relative, so even if a gene appears in blue, it may still be 
expressed, just at a lower level than other groups in warmer colours. 
Correspondingly, each line should be considered individually, and not read in a 
columnar direction. This information should be considered for all heat maps 
presented. 
Key genes involved in melanocyte biology were extracted from the data sets and 
displayed in Figure 6.5. Several genes increased across the primary cell time course 
including Pmel, Mcr1, Slc24a5, Oca2 and Tyrp1. Increases in Mc1r, Slc24a5, Oca2 
and Tryp1 co-ordinate with establishment of the melanogenesis pathway. Ednrb has 
documented functions in the migration of early melanoblasts. Lee et al, used X-gal 
staining of Ednrb mutant mice to demonstrate that the critical time point for this 
action was between E10.5 and E12.5 (Lee, Levorse and Shin, 2003). In these data, 
which may be considered more sensitive than staining, expression of Ednrb is still 
high at E12.5, but is even higher at E14.5 indicating Ednrb’s role may not finish so 
early. Only one gene has expression that lowers through the time series - Tal1. Tal1 
functions upstream of Kit, and is shown to be a positive regulator of Kit transcription 
in haematopoiesis (Krosl et al., 1998). At E12.5 and E13.5 there is certainly 
concurrent expression of Tal1 and Kit, however the dip in Kit expression at E13.5 
does not correspond to changes in Tal1. 
Comparing expression across the primary cells and different culture methods shows 
some interesting differences. Pmel expression in melb-a cells and those in the HD is 
very low, with reads of ~ 8 and 11 respectively, whereas the melb-a migrated cells 
show expression levels between that of E13.5 and E14.5. Melb-a migrated cells show 
a similar expression pattern to the E14.5 cells in particular. Notable differences   
Figure 6.4. Gene expression variation in known melanocyte genes. The heatmap shows 
the relative expression levels of various genes that have been linked to melanocyte biology, 
including genes important during development and also later in melanogenesis. The key on 
the right indicates the scale of colour assigned based on the relative gene expression from 
normalised counts.   





between these groups are in Ednrb (which none of the cultured cells express to a high 
level), Kit and Tyrp1. Cells in the HD have lower expression in both melanogenesis 
genes such as Tyr and Dct, and also in melanoblast developmental genes including 
Pmel, Pax3 and MITF, despite the fact that they are pigmented in culture.   
6.2.4. Changes in known EMT/MET genes 
In the tables of top 20 upregulated/downregulated genes, some EMT markers have 
already been identified and discussed. For a fuller picture of EMT gene expression, a 
number of associated genes were chosen, and their expression are shown in Figure 
6.6. EMT is a highly complex process, so this list is by no means a complete list of 
genes involved. The primary focus of this gene set is to establish whether the HD 
culture process could be used to model NC EMT.  
The progression of EMT has been discussed in detail in Chapter 1.1.2. In summary, 
to transition between epithelial and mesenchymal states, cells undergo a complete 
reprogramming of their cell architecture to change their adhesion to neighbouring 
cells and allow them to move. This happens during development and in cancers; cells 
leaving the NC must emerge from the crest to migrate around the embryo, and for a 
cancer to metastasise cells must leave the primary tumour. 
EMT is a well-studied event in different biological settings, and as such, the genetic 
network is fairly well understood, if not completely. Cells in the NC express classic 
markers such as Sox, Zeb, FoxD3, Snai1 and Snai2 genes. Behind these are multiple 
signalling pathways of EMT-inducing transcription factors, including Wnt, FGF and 
BMP. Their overall aim is to reduce the expression of cell adhesion proteins, 
primarily E-cadherin, and induce transcription of cell migration proteins. If EMT is 
occurring in these cultures, we might expect to see some of these markers in the 
melb-a migrated samples.  
Firstly, there are many EMT genes which are positively changed in the melb-a 
migrated samples. Most importantly, there is a downregulation of E-cadherin (Cdh1), 
the hallmark of EMT events. There was a slight upregulation of MITF, a master   




Figure 6.5. Gene expression variation in known EMT/MET genes. The heatmap shows 




regulator in melanocyte biology. There was upregulation of β-catenin (Ctnnb1) in the 
Wnt signalling pathway 
However, on the negative side, there are many genes which are shown to be central 
to EMT which either have the opposite change in expression, or no change in 
expression. There was no change in the expression of Snai1 or Snai3, and a slight 
upregulation in Snai2. Zeb1 was downregulated, while there was no change in Zeb2. 
There was no change in Twist1, downregulation of Nodal, and downregulation of 
Notch1. There was no change in the expression of the Vimentin gene, which is a 
classic marker for mesenchymal cells. 
On the other side, we would expect some MET markers in the HD cultures, having 
taken mobile cells in culture to the aggregate. Although the EMT/MET states are 
simple opposites of one another, the process controlling MET is different, and not 
merely a reduction in those genes which induce EMT. In all the genes that were 
chosen, there was a downregulation between melb-a cells and melb-a HD cells, 
which is opposite to the expected result. The genes of interest are Akt1, Egfr. Fgfr2, 
BMP2 and BMP7. There was also no upregulation of E-cadherin. 
6.2.5. Changes in keratinocyte associated genes  
During examination of the E14.5 samples in particular, it was noted that several 
genes which are involved in keratinocyte biology were highly expressed. Figure 6.7. 
shows some candidates which were selected as genes known to play specific roles 
within keratinocytes.  
The E14.5 sample stands out as having relatively high expression in several genes, 
including keratins, loricrin and dermokine. Expression of these genes increased over 
the E12.5-E14.5 time course to moderate levels.  
There is very little to no expression of these genes in the cultured cells. In particular, 
melb-a migrated samples showed mainly no expression, with the exception of Pkp2 


























































































































































































of the desmosome, a cell-cell attachment structure. This is unexpected as these 
migratory cells are moving outwards and ultimately away from their neighbours. 
Melb-a cells expressed all of these genes, but all at read counts lower than 36 which 
is very little expression. These counts were even lower in the HD cells. 
6.2.6. Crossing the basement membrane  
A major biological event which occurs near the time points examined, is the 
migration of the melanoblasts from the dermis to the epidermis across the dermal-
epidermal basement membrane, occurring at around E12.5. There is mass expansion 
of the epidermal population as it continues colonising the embryo, but whether 
dermal melanoblasts continue contributing to this growth is unclear (Luciani et al., 
2011). As discussed in Chapter 1.2.2., basement membranes are highly organised 
structures separating different tissues, and are the basis of several vital biological 
processes. In development, melanoblasts cross the barrier to reach their main 
destination, whilst in melanomas, early metastasis events are predominantly 
concerned with breaching this membrane in the opposite direction so as to access 
other parts of the body. A heatmap with genes implicated in breaching the basement 
membrane can be found in Figure 6.7. 
Breaching the basement membrane has historically been thought to be achieved 
through locally degrading the membrane, due to apparent degradation of collagen IV 
(Kelley et al., 2014). However, more recently, advancements in the study of 
invadopodia have led to alternate theories. The most likely theory is that there are a  
combination of events, where some degradation of the membrane occurs to allow the 
invadopodia to gain access to the membrane to attach and begin infiltration. Due to 
the difficulties of studying such a small structure, research relies heavily on in vitro 
methods, and the primary animal model is C.elegans. Some genes which have known 
associations with this process across various species are displayed. 
Dcc is a probable candidate gene for involvement for a number of reasons. It is 
known to be involved in the secondary migration of NC cells, specifically peripheral 
























































































































































































invadopodia during the important breach of the membrane in C.elegans (Morrissey, 
Hagedorn and Sherwood, 2013). A number of MMPs are expressed in high levels. 
The heat map shows 4 specifically, but the large family has over 20 members, all of 
which are concerned with the breakdown of the ECM. Mmp2, which is 
predominantly concerned with the breakdown of collagen IV, is found expressed 
around E12.5, although using MMP inhibitors has been shown to have no impact on 
melanoblast migration (Li et al., 2011).  
There is little expression of these genes in the cultured cells, with only melb-a cells 
showing elevated levels of Mmp7 and Mmp3. These MMPs both fulfil general 
protease activities, and are not specifically related to the basement membrane.  
6.3. Discussion 
6.3.1. Early temporal development 
6.3.1.1. Early melanoblasts express genes typically associated to other 
cells 
There is a general movement towards the idea that melanocytes in the epidermis are 
performing more functions than merely pigmentation. Isolated populations of 
melanoblasts are found in places where they do not make sense biologically with 
their currently attributed functions of pigmentation e.g. in the heart and in the ear 
(Meyer zum Gottesberge, 1988; Mjaatvedt et al., 2005). The RNA sequencing results 
support this trend, with the appearance of keratinocyte and immune system genes as 
examples. The contribution of melanoblasts and melanocytes to regulating their 
microenvironment, including the surrounding cells, would be an interesting line of 
questioning. 
It is known that adult melanocytes express immune factors, and there is mounting 
evidence that melanocytes play a role in the immune response in the skin (Hong et 
al., 2015). There is evidence of this as early as E13.5, when Ccl2 appears as a highly 




High expression of several keratinocyte-related genes in the E14.5 group are 
noteworthy. Many of the genes on the list, for example Dmkn and Lor, are strictly 
associated with terminal differentiation of keratinocytes. At E14.5 keratinocytes are 
still present as a single basal layer and do not even begin stratification, which is 
required for differentiation, until around E15. Furthermore, there is a steady increase 
in the expression of these factors from E12.5 showing that there is some expression 
from even earlier. Attributing their expression to contamination in the sample is 
therefore implausible, and should be taken as true results. The interplay between 
melanoblasts and the epidermis are hugely important in skin homeostasis, and the 
appearance of these keratinocyte genes, suggests that the connections are there 
before the structures have even formed. The main argument against melanoblasts 
being an important regulatory element in epidermal development is that in disorders 
where melanocytes are not present, a functional epidermis still forms. 
6.3.1.2. Melanoblasts continue downregulating genes of other NC 
lineages 
Downregulation of several neuronal linked genes, including Cntn2, Slc6a1 and 
Csmd3, between E13.5 and E14.5 indicates that there is continued diverging 
pathways of the melanoblasts from the peripheral nerves, long after the cells have 
disseminated from the NC. It is surprising that there are genes which are firmly 
linked to specific neuronal functions, such as axon growth, are still expressed at all at 
these stages. 
Conversely, upregulation of key melanogenesis genes by E14.5 confirms that the 
cells which were isolated are melanoblast fated. It also shows that the melanogenesis 
machinery is already activating at this early age, despite pigmentation not being 
apparent at this point. 
6.3.1.3. New candidates in melanoblast developmental processes 
Several genes with no strong links to melanocyte biology emerged from this 
research, including Syt4 and Otor. These may be good candidates for further research 




eye (both areas in which cranial melanoblasts are found). It has also been found to 
have inhibitory growth properties in melanoma cells (Robertson et al., 2000). 
Downregulation of Otor to nearly 0 by E14.5 after relatively high expression at both 
E12.5 and E13.5 suggest it could be a regulator of melanoblast proliferation. No 
references to Otor knock-out models were discovered in a literature search; this may 
be an interesting gene to target in a knock out model. Synaptotagmins appeared in 
the gene lists multiple times. As mentioned, Syt4 is associated with calcium 
dependent vesicular exocytosis. It may be a good candidate for study in relation to 
melanosome transfer to the keratinocytes, as other members of this family have been 
linked to melanocyte biology previously. 
6.3.2. Varying culture methods  
A question that emerged during experimental procedures was that of determining if 
cultured melanoblasts could be converted to different models through culture 
methods alone? 
6.3.2.1. Melb-a cells in the HD express genes associated with different 
NC lineages 
Reverting to a more NC like state is supported by the appearance of a number of 
genes, including Ascl1, Evx2, Nptx2, Pthlh and Lhx2. Some of these genes are 
described in the literature as highly specific to cell lines other than melanocytes. For 
the first three genes mentioned, these are all major factors in neuronal biology, but 
not all peripheral nerves. Pthlh is a negative regulator of chondrocyte differentiation 
(Minina et al., 2002). As has been evidenced many times, there are complex links 
between the cells of NC descent. Expression of these genes uniquely in this culture 
may support the theory that cells in the HD have regressed towards a more NC like 
state. Although expressional evidence of EMT/MET processes is low, there are 
definite changes which support a reversion to a precursor state. 
Although not many known genes emerged during the comparison between melb-a 
and melb-a migrated cells, the large number of genes which were significantly 




profound effect. This is supported by the expression changes within the HD, which 
when examining the PCA were the least like the other cell lines. 
6.3.2.2. Evidence of stress in HD culture 
Signs of stress in the HD were quite high as may be expected. The cells in the middle 
of the mass in particular will be at risk of hypoxia and nutrient deficiency. 
Unfortunately, it is not possible to reduce the amount of time cells are confined to the 
HD as the aggregate does not form properly before day 4. This should be addressed 
in any future experiments; there are sophisticated culture chambers which allow 
media change without disturbing the cells. 
6.3.2.3. Evidence of EMT in migratory cells  
For the melb-a migrated sample, cells were left to migrate for 24 hrs before 
harvesting. This was due to experimental observations across the cell lines that the 
B16 cells took much longer to migrate than the melanoblast cell lines. Melb-a cells 
began to emerge from the aggregate ~ 5/6 hrs after being plated, while the B16s took 
24+ hrs. This may be due to differences in EMT between developmental cells and 
cancerous cells - the process is not assumed to be identical. In the literature, there is 
little/no information on how long the EMT process takes, or how long the relevant 
genes are expressed for. It is a transient event, but there are several timing questions 
that affect the interpretation of this data. Do all cells undergo EMT at the same time, 
or is there a proximity effect based on how close to the migratory surface the cell is? 
How long after initial separation do the migratory cells express EMT signatures? Is 
24 hrs too long after the event to capture the expected changes? In reality, 
dissembling this complex network depends on many factors of timing, and as such 
the results are difficult to conclude one way or another. As an example, in these 
results, the collagen genes listed are downregulated in the melb-a migrated samples. 
Collagen I is known to promote EMT events, but appears two-steps upstream from 
Snai1 activity. To complicate further, the melb-a migrated cells are made of a mixed 
population of any cells that remain attached once the HD has been removed; cells 
that have migrated at the front of the population may have a different profile than 




culture system is potentially a good model with some experimental adjustments, 
including timing of sample collection, and further dissecting the sample to different 
distance of cell migration. Overall, the downregulation of E-cadherin in the migrated 
sample serves as the crucial indicator that EMT has occurred. It is likely that the 
network of genetic events that lead to this change have simply been missed. 
Upregulation of Loxl2, Epha3 and Il13ra1 are just some of the additional genetic 
upregulations which support this further. 
The gene expressions of Sox, Snai1, Snai2 etc. are all discussed in relation to ‘pre-
migratory NC cells’. Presumably, this means immediately before the cells begin 
migrating. Unfortunately, this is not the population captured by these culture 
methods - to capture the canonical EMT changes of the NC, the aggregate should be 
harvested at the point where cells are just beginning to migrate. Sampling cells at 
different times after migration begins would also be beneficial. 
6.3.3. Different culture methods to study different aspects of 
melanocyte biology 
Using GO term analysis and GO enrichment highlighted differences between cells in 
vitro and those in vivo. In every comparison, the primary cells showed higher 
expression of genes involved in interacting with other body systems. This is a crucial 
point that cells in culture cannot achieve, and one of the biggest positive arguments 
for using animal models; recreating the entire environment is unrealistic. The impact 
of the interactions which are lost must be assessed when using in vitro methods. In 
this case, loss of hundreds of olfactory genes for example is deemed acceptable, but 
changes in genes relating to locomotion would cause problems. 
In comparing the primary cells to those in culture, there are also differences between 
the culture methods. Overall, the melb-a migrated cells appear to have the most 
relevant expression patterns to the primary cells based on some key genes in 
melanocyte biology, although they had the highest number of differentially expressed 
genes overall. The expression of Pmel, Tal1, Tyr and Dct at levels comparable to the 
primary melanoblasts distinguished the melb-a migrated cells in this category. 
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However, this was also the only culture method where there were many areas in 
which the primary cells showed large fold enrichments. In both the melb-a and melb-
a HD comparisons to primary cells, the cultured cells did not show many significant 
areas where they had lost expression. The lack of Ednrb expression by the melb-a 
migrating cells is of some concern as a model of early melanoblast migration from 
the NC as Ednrb is critical during these stages. Its absence suggests either 
compensatory mechanisms, as the cells are clearly still migrating. It could also be an 
issue of timing, similar to that discussed above. Alternatively, cells in culture may 
lose their dependence on growth factors they are not exposed to. In the melb-a cells 
and melb-a HD cells vs. primary cells analysis, there were not many areas in which 
the primary cells showed enrichment, but the cultured cells did, and often in areas 
that allude to them losing their specificity to the melanocyte lineage. Many of the 
other melanocyte genes were expressed at similar levels between all 3 cultures. 
Melb-a HD cells had the lowest level of expression in the melanogenesis genes and 
the lineage markers Pmel, Dct and Tyr, again suggesting the possibility that the HD 
method returns cells to a more NC like state. In terms of genes that are associated 
with keratinocyte biology, there was no cultured cell group that matched the primary 
cells in particular. The melb-a cells express most of the genes at levels below 50 
reads, indicating very low expression. In the vast majority of these genes, expression 
lowered even further in the HD cultures and the melb-a migrated cells. There were 
low levels of expression in E12.5 and E13.5 age groups, with an increase to moderate 
expression by E14.5. There was little similarity between the primary cells and the 
cultured cells with relation to basement membrane breaching genes. This is not 




7.1. The transition from 2D to 3D 
The original aim of this project was to develop an entirely self-sufficient 3D model 
in which to observe melanoblast behaviour. The system was designed to provide a 
novel way to visualise, primarily, melanoblast migration in the epidermal layer of the 
skin. This system was not successful, and is not recommended for further use. It did 
highlight the challenges of 3D cell culture. To incorporate the 3D environment into a 
melanoblast development model, there are several vital components to be considered 
including; a concentration gradient of melanoblast cell density, an expanding 
keratinocyte population which is differentiating and stratifying, an intact epidermal-
dermal basement membrane, and the unique ALI component. We showed that using 
a differentiating and stratifying immortalised keratinocyte line was insufficient to 
replicate these conditions. The majority of research aimed at developing 3D models 
is conducted using human samples, and is focussed on treating diseases. The 
inclusion of melanocytes in these models is therefore usually only undertaken if there 
is a phenotypical change in pigmentation that researchers want to explore. The use of 
these models in studying a fully formed epidermis/dermis, and the development of 
the melanocyte lineage has therefore been unexplored. 
An exciting approach to creating model systems is the use of pluripotent stem cells – 
either induced pluripotent stem cells (iPSCs) or embryonic stem (ES) cells. The 
generation of iPSC derived melanocytes has been described by numerous groups 
(Fang et al., 2006; Mica et al., 2013; Nissan et al., 2011; Yang et al., 2011). 
Fundamentally, during the melanocyte generation, iPSCs can be identified as 
melanocyte precursors by the presence of MITF and SOX10 before melanin 
production begins. One human skin equivalent (HSE) in vitro model created using 
iPSCs was reported by Gledhill et al. (2015), and incorporates keratinocytes, 




the basal layer, and are able to form a functional pigmentation unit with the 
keratinocytes. However, the model is created in several stages which are not 
reminiscent of the development of the skin. First, a collagen matrix is seeded with 
the iPSC fibroblasts for 7 days. Next the iPSC keratinocytes and melanocytes are 
seeded onto the matrix and incubated for 7 days. Finally, the culture is lifted to the 
ALI which induces stratification of the model. This example highlights how co-
culture methods still rely on some form of artificial matrix and also use fully 
differentiated cells, rather than their precursors as would be relevant herein. Growing 
iPSCs requires precise control of growth factors, which are unique to each cell line, 
so the ability to combine the cells before they are fully differentiated in this model is 
unknown. Alternatively, there are iPSC models of NC cells which could be explored 
(Huang et al., 2016) – if these NC cells were co-cultured within a HSE, would they 
develop into melanoblasts and eventually melanocytes? 
7.2. Measuring protein dynamics in real time 
In this project, several cell lines were generated to study KIT and KITL, and their 
interactions. One of the principal aims was to incorporate fluorescently tagged 
versions of these proteins into the appropriate cell line for use in live imaging i.e. 
KIT into keratinocytes and KITLs into melanoblasts. This was unsuccessful, and an 
alternative NIH3T3 fibroblast cell line was used. Although interesting data was 
obtained, including confirmation that sKITL has a faster turnover than mKITL, the 
study is greatly limited by the use of an unrelated cell line. The use of ES cells for 
the generation of cell lines would be highly beneficial, as it is generally agreed that 
ES cells are easier to target, rather than manipulating immortalised cells in culture. 
Once targeted, ES cells could be induced to form melanocytes or keratinocytes using 
established protocols, thereby creating the desired cell lines for experimentation. 
Tandem fluorescent timer proteins can be manipulated in vitro, and these proteins 
present an exciting resource with which to observe protein kinetics in real time. We 
also generated fluorescent KIT and KITL constructs, which produce proteins that are 
able to interact in the expected manner. These proteins would be recommended for 
further study using sophisticated imaging techniques, including super resolution. 
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7.3. Changing cell behaviour through culture 
methods 
We showed through both live imaging and RNA sequencing, that changes can be 
induced in cultured cell lines through the use of culture methods alone. RNA 
sequencing showed that culturing techniques have a profound effect on the 
expression profile, so researchers must be exacting in their methodologies when 
using cells in vitro. For example, in the melb-a migrated samples, although 
expression of pigmentation genes was comparable to primary melanoblasts, they 
have less expression of key gene groups, for example planar cell polarity genes, 
which would be critical for the orientation of the melanoblast and it is probable that 
their loss would greatly affect cell behaviour. We showed that culturing cells in the 
HD assay induces the loss of expression of melanocyte markers, thereby suggesting a 
reversion to a more NC like state. This model has great potential, as it omits any 
chemical interference to achieve this state, and may be a model of EMT/MET 
transition. 
7.4. Differences between primary cells and 
cultured cells - the NC3Rs factor 
Ultimately, one of the main aims of this project was to determine the value of using 
in vitro models when compared to in vivo systems. The use of CDMs, HD assays and 
2D assays were successful and interesting when exploring single behaviours, but 
were unable to compensate for extrinsic factors which influence cell behaviours in 
vivo. We showed for example, that migration of cell in vitro was slower than in vivo. 
We show using RNA sequencing, that the melb-a cell line, which is a widely used 
melanoblast line, is more appropriately termed melanoblast-like, due to large 
changes in the expression profile. We conclude that while in vitro experiments can 
be used to compliment and advise animal experiments, this project has not achieved 
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Appendix A. Rt-PCR gels showing expression of key keratinocyte developmental 




Appendix B. Plasmid maps of KIT and s/mKITL constructs. Maps show unique and 























Appendix C. Investigating the cadherin switch in HDs by IF. HDs were 
immunostained for the presence of E-cadherin and N-cadherin but results were 
inconclusive. Scale bars represent 100µm.
